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ANALYTICAL STUDY OF THE FEASIBILITY OF A PNEUMATIC 
NEUTRONFLUXDETECTOR 
ABSTRACT \ 
An analytical study to determine the feasibil i ty of developing a 
pneumatic neutron flux detector  has  been conducted. 
amined consisted of an  electrofluidynamic pump for  converting the rma l  
neutron flux to  a pneumatic p r e s s u r e  s ignal  which i s  amplified by a 
logarithmic vortex amplifier.  At leas t  f ive decades of neutron flux 
2 f rom lo7  to 1 0 l 2  neut rons /cm - sec  can be detected.  
( 9 5  percent  final value) approaching 0.06 s e c  can be achieved. Quanti-  
tative definition of accuracy r equ i r e s  additional experimental  evaluation. 
Methods of gamma compensation, sensit ivity to  t empera tu re  changes,  and 
capability of meeting operational modes were  a l so  considered in this 
feasibi l i ty  analysis.  
tector  is provided. 
The concept e x -  
Response t imes  
A conceptual design of a feasible neutron flux d e -  
v i  
SUMMARY 
The objective of the investigation descr ibed in this repor t  was to 
conduct an analytical  study to determine the feasibility of developing a 
pneumatic neutron flux detector suitable for  use in a nuclear  rocket. 
The neutron flux detector i s  t o  have a response t ime ( 6 3  percent  output! 
of 0.02 sec  at  flux levels grea te r  than 107 neut rons /cm2 sec and 1 sec  
a t  the lower flux levels. The desired range is 10 decades of fas t  neutron 
f l u x  (2.9 MeV) f r o m  102 to 1012 neutrons/cm2 sec .  The des i red  accuracy 
is f 10 percent  of the indicated flux over  the ambient tempera ture  range 
of 200 - 800"R and under 7 g from 10 to 2000 cps vibration. A loga- 
r i thmic  output is required.  The device is to be compensated for  gamma 
flux up to 5 x 109 e r g s / g m ( c ) h r  and is to be capable of operating under 
re s t a r t  conditions. 
The or iginal  concept pursued was  a combination of the magneto- 
fluidynamic effect and the vortex amplif ier .  In this approach, t he rma l  
neutron flux produces ionizing par t ic les  which ionize the working fluid 
in  the vortex amplif ier ,  and a vortex flow is produced by the magneto- 
fluidynamic interact ion between the ionized fluid and c rossed  magnetic 
and e lec t r ic  fields. The output p re s su re  of the vortex amplif ier  is a 
function of the vortex flow and hence the neutron flux. 
is fundamentally that of an  electric motor  with a fluid ro tor .  
The configuration 
After a comparison of fluids that might be suitable as working 
med ia  for  the neutron f l u x  detector,  hydrogen w a s  selected both for  i t s  
de s i rab le  physical  charac te r i s t ics  and i t s  availability. 
Analysis performed e a r l y  in the investigation revealed that a 
g r e a t e r  physical effect could be produced by electrofluidynamic pumping 
r a t h e r  than by magnetofluidynamic pumping; thus,  the electrofluidynamic 
effect  was  selected for  the feasibility study. Production of e l ec t ro -  
fluidynamic fo rces  in the annulus of a vortex amplifier leads to diffi- 
cult ies in design and fabrication; so the neutron sensor  concept was  
changed to  utilize an electrofluidynamic pump externa l  to the vortex 
amplif ier .  This pump modulates the control flow a s  a function of gas  
ionization produced by thermal  neutron flux. 
a vortex flow in the vortex amplifier,  creat ing an output p r e s s u r e  change 
which i s  significantly g rea t e r  than the p r e s s u r e  change a t  the control  
flow inlet. 
The control flow produces 
vi i  
Vortex amplif ier  pre  s su re  gains (change of output p r e s  su re  divided 
by change in control port  differential p r e s s u r e )  in the range of 3000 to 
6200 a r e  feasible. 
sufficiently low so that changes in the electrofluidynamic pump output 
p re s su re  as low as ps i  can be detected,  
thermal  neutron flux of 1.2 x 10 6 neut rons /cm2 sec  indicating that a t  
least  five decades of moderated fast  neutron flux below 10l2  neutrons/  
cm2 sec  can be detected. 
to within 10 percent of the output range with the grea tes t  deviation a t  
the lowest input. 
Vortex amplifier noise levels a r e  expected to be 
This corresponds to a 
A logarithmic function can be approximated 
It has  been concluded that the des i red  dynamic response can be 
obtained. However, i t  i s  expected that i t  will be margina l  i f  the hydro-  
gen working fluid is a t  200"R. Compensation for  a t  least  90 percent of 
the gamma ionization can be obtained with a fixed voltage. Quantitative 
definition of accuracy requires  additional experimental  evaluation. Areas  
which should be covered in such an investigation include the temperature  
sensitivity of the device and methods of tempera ture  compensation and 
verification of the nonlinear charac te r i s t ics  of both vortex amplif iers  
and the electrofluidynamic pump. 
Moderator will be required for  the pneumatic neutron senso r ,  as 
for  the more conventional counter types; however,  the shielding required 
will be significantly l e s s .  
progressive null shift would be expected in contrast  with devices based 
on mater ia l s  subject to  changes f rom radiation. 
Within the operating cycles specified, no 
The potential of the pneumatic neutron detector a s  a radiation- 
insensitive sensor  for  reactor  monitoring and control makes a develop- 
ment effor t  to experimentally verify the feasibility very worthwhile. In 
addition to verifying the performance predicted during the feasibility 
study, the experimental  effort should be directed toward the collection 
of de sign data, removing existing limitations and generally advancing 
the state of the a r t  of neutron detection. 
.viii 
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SECTION 1 
CONCLUSIONS AND RECOMMENDATIONS 
1.1 RESULTS AND CONCLUSIONS 
Analyses performed in this four month study p rogram show that 
it is feasible to develop a fluid state ne i i t ron detector  suita51e fer use  
in the control  of a nuclear rocket. 
magnetofluidynamic ope rating principles were  de te r  mined by detailed 
ana lys i s  to be most  appropriate  for converting neutron flux to pneu- 
mat ic  p r e s s u r e .  The conceptual design is a s e r i e s  a r rangement  of a n  
electrofluidynamic pump and a vortex p r e s s u r e  amplif ier  * Neutron 
flux produces ionization in the working fluid which passes  through a n  
electrostat ic  field in the pump. 
the electrostat ic  field and they (principally the ions) impar t  momentum 
to g a s  molecules through collisions, thereby rais ing the p r e s s u r e  of 
the g a s  entering the vortex amplifier control  port .  This p r e s s u r e  is 
amplified to a suitable output by a v e r y  sensit ive vor tex  p r e s s u r e  ampli-  
f i e r ,  A s imi l a r  pump connected in s e r i e s  opposition by revers ing  the 
polar i ty  of the electrostat ic  field provides  compensation for gamma rays .  
Electrofluidynamic ra ther  than 
Ions and e lec t rons  a r e  acce lera ted  by 
The predicted range of the detector  i s  five decades covered by two 
vor tex  ampl i f ie rs  with overlapping ranges .  
p re sen t  capabilities of fluid-state ampl i f ie rs  and conservative e s t ima tes  
of breakdown phenomenon in high p r e s s u r e  hydrogen which is la rge ly  
unknown. Additional experimental  data w i l l  pe rmi t  a determinat ion of 
how far the range can be extended. Extending the range just two more  
decades w i l l  enable the sensor  to cover  the r e s t a r t  range even though 
it may not cover  the full s tar t -up range.  Initial cold s tar tup w i l l  in all 
probability be performed open loop anyway; so the lower portion of the 
power range could be measu red  with conventional neutron counters .  
They would not be subjected t o  severe  radiation in  that range and would 
not have to  be used for r e s t a r t .  
The prediction is based on 
Response t ime ( t ime constant) predicted for the sys tem is approxi- 
mately the s a m e  a s  that specified, even at the lowest tempera ture  level.  
The high hydrogen flow rates  and fast responding vortex amplif ier  a r e  
la rge ly  responsible  for achieving the fast  response.  This  objective is 
considered one of the most  important since one of the purposes  for the 
nuetron flux loop in the control  system is to augment the s lower r e -  
sponding t empera tu re  loop and thereby enable rapid changes in r eac to r  
1-1 
I 
power level  in response to  flow changes o r  th rus t  demands.  
lower power ranges,  the response is expected to be  within the t ime 
specified. 
Even a t  the 
Accuracy of the system cannot be fully a s s e s s e d  because i t  de-  
pends largely on how well the total s ensQr  approximates  a logarithmic 
charac te r i s t ic  and on i t s  sensit ivity to  changes in environmental  con- 
ditions. 
cer ta in  extent by  tailoring the design and operating point of the vortex 
amplif ier  to the EFD pump. The vor tex  amplif ier  output va r i e s  f rom 
l inear  to logarithmic over  var ious portions of i t s  range. 
charac te r i s t ic  in  theory va r i e s  as the two-thirds power of the flux. A 
real is t ic  evaluation of the charac te r i s t ic  and hence the accuracy  can be 
made only by a n  experimental  determination. 
The overal l  charac te r i s t ic  of the sensor  can be shaped to  a 
The pump 
Weight and s ize  of the complete neutron senso r  exclusive of any 
shielding o r  modera tor  i s  6.7 pounds and 7 5  cubic inches.  Some gamma 
shielding i s  required to  insure  adequate gamma compensation on a r e -  
s t a r t  condition. Approximately 6 half-thicknesses of lead a r e  provided 
for that purpose. 
Moderator ma te r i a l  recommended is beryll ium because  of i t s  
low weight and volume. 
which could be used without significant attenuation of the neutron flux 
a t  the detector .  
Graphite o r  polystyrene a r e  other  choices 
Nuclear heating i s  not a problem in the senso r  i tself  because of 
i ts  low m a s s  and la rge  hydrogen flow ra t e .  
modera tor  and shield does not pose a problem since they a r e  physically 
isolated from the senso r ,  do not depend on maintaining close tolerances 
of physical  propert ies  and can be cooled to  whatever degree  necessa ry  
by low tempera ture  hydrogen gas .  
Nuclear heating in the 
Boron- 10 is recommended as the neutron sensit ive coating 
because of its g rea t e r  efficiency for  producing ionization from the rma l  
neutrons.  Coating Boron- 10 on the internal  w a l l s  of the pump can be 
accomplished within existing s ta te  of the a r t  techno1ogy;so i t  w i l l  not 
present  any special  difficulty. 
1.2 RECOMMENDATIONS 
The feasibility of a fluid-state neutron senso r  operating over  
five decades h a s  been established analytically, but there  a r e  a number 
of assumptions which must  be verified experimentally before an 
1-2  
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operational hardware development p rogram can be initiated. Data on 
the behavior of weakly ionized hydrogen a t  low electr ic  fields and high 
p r e s s u r e s  a r e  virtually nonexist.*nt; so  extensive extrapolations were 
n e c e s s a r y  in  the per formance  of this study. The prospects  for extend- 
ing the range of the sensor  to lower decades a r e  promising but experi-  
mental  data on breakdown phenomena, charge collection and wall charg-  
ing a r e  needed before these extensions can be considered realist ically.  
Similarly meaningful predictions of output character is t ic  and sensor  
acczlracy can be made only after suitable experimental  data have been 
generated.  Therefore  it i s  recommended that a second phase of the 
EFD fluid s ta te  neutron sensor  be ca r r i ed  out with the objectives of 
experimentally demonstrating the feasibility of the five decade sensor ,  
determining the l imits  of operation and sensitivity to the environment, 
and obtaining the design data to  optimize performance and extend the 
range of operation. 
In addition to this experimental  effort a imed a t  verifying sensor  
per formance  and obtaining design data, there  a r e  a number of c r i t i ca l  
problems which require  m o r e  thorough investigation to pe rmi t  optimiz- 
ing the design of the sensor  and it i s  recommended that they a l so  be 
per formed in this second phase of the p rogram.  
experimental  and cr i t i ca l  problem investigation w i l l  provide the n e t e s -  
s a r y  background and design data to  permi t  the detailed development of 
a prototype EFD neutron sensor  in a subsequent phase. 
Completion of this 
Outlined below is an experimental  p rog ram which has been 
devised for the purpose of ( 1 )  verifying the assumptions made in  the 
analytical  study, ( 2 )  determining the l imits  of operation, (3) investi-  
gating environmental  effects and (4) obtaining the desigq data to pe rmi t  
extending the range of operation and optimizing per formance .  
specific tasks  required to  demonstrate the performance of the E F D  
fluid s ta te  neutron sensor  a r e  itemized below: 
The 
Task 1 - EFD Pump Investigation 
1-A Design and construct an  EFD pump, incorpo- 
rating suitable dimensional adjustments  and 
being suitable for testing in  a low gas capacity 
recirculating system. 
1-3 
' I  
1-B 
1-c 
1-D 
Design and construct  a t e s t  system utilizing corona 
ionization to  evaluate the EFD pump. 
F a c t o r s  to be investigated a r e :  
(a )  Maximum voltage and gr id  separat ions (pump stage 
length) fo r  which reliable operation can be sustained 
without spontaneous a r c  generation. 
Evaluate the effects of stacked tube o r  honeycomb 
pore s ize  to  optimize ion collection efficiency. 
( b )  
Modify tes t  system to  t e s t  in an  X-ray  field for space 
generation of charge  and for  evaluation of gamma 
compensation (Using the corona generator  a s  a signal 
on the X-ray background). 
Evaluate the EFD pump behavior in a neutron field 
e i ther  separa te  f rom o r  combined with the vor tex  
amplif ier .  
Task  2 - Vortex Amplifier Investigation 
2-A Design, fabr ica te  and t e s t  a vortex amplif ier  aimed 
a t  the performance required for the fluid s ta te  neutron 
flux detector .  
gated a r e :  
(a) Tempera ture  compensation 
(b) Logarithmic output cha rac t e r i s t i c  s 
(c )  Sensitivity improvement  and range 
The c r i t i ca l  problem areas to  be investi-  
extension 
(d) Response cha rac t e r i s t i c s .  
Design, fabr icate  and t e s t  breadboard fluid s ta te  
networks,  coupling e lements  to investigate 
methods of: 
(a)  Extending senso r  range 
(b) Providing p r e s s u r e  regulation 
(c)  
2-B 
Compensating for t empera tu re  changes where 
this cannot be provided in a single e lement  
(d) Improving logarithmic output cha rac t e r i s t i c s .  
1-4 
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Task 3 - EFD PumplVortex Amplifier Matching 
3-A Design, fabricate and tes t  a breadboard sensor  incorpo- 
rating an  E F D  Pump and high performance vortex 
amplifier.  The prel iminary testing of this breadboard 
w i l l  be directed toward assessing compatibility, estab- 
lishing and/or  verifying design c r i te r ia ,  gathering 
design data and evaluating sensor  potential. 
Perform the d e s i g n  analysis and prepare  a pre l iminary  
design of a prototype sensor  sys tem providing the sup- 
porting analysis and data concerning the expected pe r -  
formance of the sensor .  
3-5 
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SECTION 2 
N FLUX TEMP TEMP LOG N FLU 
CONTROLLER DEMAND CONTROLLER DEMAND 
INTRODUCTION 
+ 
@ REACTOR 
KINETICS 
CONTROL 
DRUM 
ACTUATOR 
* A 
2.1 PURPOSE O F  INVESTIGATION 
N NEUTRON FLUX - 
All-pneumatic or ,  m o r e  generally, fluid state, control elements 
are presently being given serious consideration for controlling future 
nuclear  rockets because of their  potentially g rea t e r  reliability in the 
seve re  environment surrounding the nuclear reac tor .  Because of the 
vir tual  absence of moving pa r t s  and exclusive use of ex t reme environ- 
ment mater ia l s ,  fluid-state devices have much grea te r  capability than 
e lec t r ica l  o r  electromechanical components for surviving the combined 
effects  of nuclear radiation, cryogenic temperature ,  nuclear heating, 
acoust ic  noise, shock and vibration. 
FLUX 
F o r  the nuclear rocket, the neutron sensor  is one of the key 
control components governing the feasibility of fluid-state nuclear rocket 
controls .  
actuators ,  logic c i rcui ts  and temperature  and p r e s s u r e  senso r s  have 
been shown to be feasible for nuclear rocket control sys tems such as 
t h e  one shown i n  the block diagram of Figure 2-1. 
flux sensor  compatible with the above-mentioned control elements is 
required before complete fluid-state controls can be f u l l y  realized. 
The purpose of this investigation is to determine by  an analytical study 
the feasibility of developing such a fluid state neutron sensor  which 
employs magnetofluidynamic o r  electrofluidynamic principles for 
continuously converting neutron flux to a fluid p r e s s u r e  o r  flow. 
Other fluid-state control components such as amplif iers ,  
A fluid-state neutron 
81 
DETECTOR 
, TEMP 
SENSOR 
c 3 
ENGINE 
SYSTEM 
Figure 2-1 - Reactor Control System 
P-2936 
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2.1.1 Present  Methods of Measuring Neutron Flux 
P resen t  techniques for measuring neutron flux of the levels  
required by the specification use ionization chambers  and neutron 
counters.  Both techniques re ly  on the collection of e lectronic  charge 
l iberated by the interaction of gas  a toms and heavy, charged par t ic les  
which a r e  released when neutrons a r e  captured in neutron-absorbing 
ma te r i a l s .  
proportional to the impinging neutron flux. 
covers  a range of five o r  six decades depending on the degree of com- 
pensation applied and the accuracy required.  
amplification by electronic amplif iers  to r a i s e  the level to that com- 
patible with electr ical  control subsystems 
is obtained by electronic shaping networks. 
The output of the ionization chamber  is  an e lec t r ica l  cur ren t  
This chamber  generally 
The signal requi res  
A logarithmic charac te r i s t ic  
The neutron counter output is an  electr ical  pulse for each 
The pulse repetition r a t e  
This  type of sensor  a l so  
ionizing event that occurs  within the counter.  
is proportional to the impinging neutron flux. 
requi res  electronic amplification and covers  five to s ix  decades depending 
on the resolution of the electronic amplif iers  and the accuracy requi re -  
ments .  A logarithmic character is t ic  is  obtained by electronic pulse 
averaging and shaping networks e 
In typical reac tor  installations,  the total power range of 
10 to 12 decades is covered by an overlapping combination of both types 
of neutron sensors .  
logarithmically and the ionization chamber  logarithmically covers  the 
upper 5 o r  6 decades.  
The neutron counter covers  the lower 5 o r  6 decades 
2.1.2 Advantages of Fluid State Detectors 
One significant drawback of e lec t r ica l  s enso r s  and ampli-  
f i e r s  is their susceptibility to the radiation and tempera ture  environment 
High gamma radiation r a t e s  and high tempera tures  produce ionization 
in electrical  cables and components as  w e l l  a s  in the atmosphere 
surrounding these components. The result ing induced cu r ren t s  can be 
comparable to signal currents , thereby severely affecting the signal-to- 
noise ra t io  and appearing a s  an  e r r o r  in neutron flux. 
s enso r s  a r e  of course unaffected by such ionization in cables and 
components,which accounts f o r  one of the potential advantages they 
enjoy. 
Fluid-state 
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The other important advantage of fluid-state detectors  is  that 
output signals a r e  pneumatic a n d  direct ly  compatible with fluid-state control 
subsystems.  Direct  conversion of neutron flux to pneumatic p r e s s u r e  
avoids the need of undesirable, and often unreliable, electric-to-pneumatic 
interfaces.  This feature,combined with immunity to the seve re  environ- 
ments,provides the incentive for  undertaking this investigation. 
2.2 SCOPE OF INVESTIGATION 
2.2.1 Desired Performance of Pneumatic Neutron 
Flux  Detectors 
The feasibility of the pneumatic neutron flux detector  w a s  
evaluated on the bas i s  of several  c r i t i ca l  performance c r i t e r i a  and 
other  instrument  behavior requirements specified by the NASA, Lewis 
Research  Center.  
The most  c r i t i ca l  performance c r i te r ion  i s  response time. 
F o r  flux levels g r e a t e r  than 10 7 neutrons pe r  c m 2  p e r  second a response 
t ime of l e s s  than 0.02 second was specified (this w a s  la te r  clarified to  
mean a f i r s t -o rde r  t ime constant of 0.02 second). Below the flux level 
of 10 
second is deemed satisfactory.  
7 neutrons pe r  c m 2  p e r  second a response t ime of l e s s  than 1.0 
The range of the detector, the second most  c r i t i ca l  
performance cr i ter ion,  should be ten (10) decades of fas t  neutron flux 
(2.9 Mev) f rom lo2  to 10 l2  neut rons /cm2 sec. Preferably, this  should 
be accomplished with a single sensor .  However, a combination of over-  
lapping senso r s  to cover  the complete range is permiss ib le .  
The third performance c r i te r ion  in o r d e r  of importance 
is accuracy. The overal l  accuracy des i red  is f 10 percent  of the indicated 
flux while operating under the specified environment. This includes any 
inaccurac ies  caused by incomplete gamma compensation. 
There  a r e  seve ra l  other  des i rab le  fea tures  which were  t o  
be included as a pa r t  of the study. The device is to be compensated for  
gamma effects, especially as the gamma flux affects r e s t a r t  capability. 
It is des i red  that the device have a pneumatic output signal proportional 
to the logarithm of the neutron flux. The device should have a capability 
for  twenty (20) minutes of continuous operation and for s eve ra l  shutdown 
and r e s t a r t  operat ions-- total  time of operation a t  full power up to  one 
hour. Finally, e lectr ical  components a r e  l imited to simple e lec t rodes  
and conductors f o r  propagation of e lec t r ica l  o r  magnetic fields. 
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I t  i s  required that the detector be compatible with the 
environment. 
wi l l  range from 200"R to 800"R.  
frequency of 10 to 2000 cycles pe r  second may be encountered. 
It is  to be located above the reac tor  where the tempera ture  
Vibration up to 7 g ' s  (RMS) and over a 
2.2.2 General Approach and Significance of Results 
The approach on the project was to separa te  the act ivi t ies  
along the l i n e s  of the physical phenomena involved, with the investigation 
of the vortex amplifier cha rac t e r i s t i c s  and l imitat ions constituting one 
task,and the neutron flux sensing and conversion to amplifier input 
forming the other.  
defined and evaluated. 
Those f ac to r s  pertinent to this  feasibility study were  
The sensit ivity of the vortex amplif ier  is  a c r i t i ca l  factor  
in  that i t  influences the lowest detectable flux leve l  of the senso r .  This  
threshold i s  determined pr imar i ly  by the "noise" generated in  the 
system. 
toward the gain cha rac t e r i s t i c s ,  the achievable range within the loga- 
r i thmic output capability and response.  
response a r e  not compatible requirements  and must  be examined con- 
current ly  to  achieve the optimum r e  sult s. 
is  an  inherent cha rac t e r i s t i c  of vortex amplif iers  ove r  some portion 
of the i r  operating curve.  
is l imited and m o r e  than one vortex amplif ier  is required to  cover the 
range of the neutron senso r .  
Another portion of the amplifier investigation was directed 
High amplif ier  gain and high 
A near-logarithmic output 
The range of the logarithmic operating curve 
Two methods of capturing neutrons and converting the i r  
energy to pressure  signal modulation were  investigated. 
involved the determination of the signal which one might expect f rom the 
minimum flux intensity. 
approach has been the rule .  
generated by the magnetofluidynamic technique is  such that only the 
highest f lux levels can  be detected. 
the other hand, offers  the potential of measur ing  a t  l ea s t  the upper five 
decades.  Also, in the EFD concept, the gamma flux compensation i s  
m 3 r e  easi ly  accomplished. 
a l s o  included the requirements  for  modera tor  and the application of 
neutron conversion coatings in the E F D  pump. 
Both approaches 
Throughout the study, the m o r e  conservative 
The mzgnitude of the signal which can be 
The electrofluidynamic pump, on 
These s tudies  on neutron energy conversion 
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After the two separate EFD pump and vortex amplifier 
investigations proceeded far enough to be significant, the resul ts  were 
compared fo r  compatibility and efforts redirected as required.  For 
example,  the sensitivity of the vortex amplifier w a s  compared with the 
p r e s s u r e  signal capability of the E F D  pump to determine the limiting 
factor .  It was  apparent that the ent i re  range can not be measu red  
without (1) reducing the noise level of the amplifier ( increasing sensitivity) 
o r  (2) increasing p r e s s u r e  signal output f rom the pump. Both of these 
cour ses  were  re-examined to the degree  permit ted by the scope of this 
study. Similarly,  the problems of design integration were  evaluated to 
a r r i v e  a t  the. design mos t  suitable fo r  the cohbination. A high p e r -  
formance pump may be self-defeating i f  it  generates  "noise" f o r  the 
amplif ier .  Usually i t  i s  not necessary  to sacr i f ice  performance but 
r a t h e r  only to recognize the need for  compatibility during the design 
activity. 
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SECTION 3 
PRELIMINARY S T U D E S  
3 . 1  THE INITIAL CONCEPT 
The initial concept of the pneumatic neutron sensor  proposed for  
this study was based upon two physical phenomena. 
the vortex amplifier was utilized to magnify the effects of a change in 
tangential momentum produced by the magnetofluidynamic principle. 
This concept is shown schematically in Figure 3 - 1 .  F o r  purposes of 
this discussion the two phenomena will be t reated separately.  
The phenomenon of 
/TERMINALS - 
CONDUCTING 
MATERIAL MADE 
PERMANENT 
MAGNET WITH 
RADIAL DIRECTION 
OF MAGNETIZATION 
SOFT MAGNETIC 
P-2526 
Figure  3 -  1 - Schematjc D,agram - Magnetofluidynamlc Vortex Concept 
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3 . 2  THE VORTEX AMPLIFIER 
The principles of operation and detailed pa rame t r i c  analysis  of 
the vortex amplifier will be descr ibed  in detail  in Section 5 of this 
repor t .  
tate the understanding of the pre l iminary  s tudies  and selection of the 
most  suitable concept. 
A brief descr ipt ion of i ts  operat ion is provided h e r e  to faci l i -  
The vortex amplif ier  is a fluid-state control element having no 
The main supply flow en te r s  the device in a 
mechanical moving par t s .  
between two fluid flows. 
direct ion parallel  to  t he  vortex axis  and at negligible velocity. 
The flow passes  through a mixing zone in an annular shee t  into the main 
vortex chamber.  In the absence of control  flow, the main flow proceeds 
radially inward toward the cent ra l  outlet of the vortex chamber .  In this 
condition the maximum flow passes  through the device.  
The control is produced by interaction 
The control flow en te r s  the mixing region in a direct ion tangential 
to the cylindrical wall .  The tangential control  flow impar t s  a rotational 
component to the main  supply flow, and the combined flows pass  into the 
vortex chamber with both tangential and radial  components. Centrifugal 
effects c rea te  a radial  p r e s s u r e  drop.  
d r o p  is to decrease  the flow through the outlet  or i f ice .  
flow and p res su re  a re  properly modulated, a des i red  outlet flow o r  
p r e s s u r e  can be obtained. 
f ie r  can be used to  amplify changes in input p r e s s u r e  o r  flow. 
The net resu l t  of this  p r e s s u r e  
If the control 
Depending upon the design, a vortex ampl i -  
3 . 3  THE MAGNETOHYDRODYNAMIC SENSOR 
As originally visualized, the neutron s e n s o r  was to  have the bas ic  
form of a vortex amplif ier .  
flows is t raversed  by a radial  magnetic field, 
gap flows between rings of conducting material which contains a s ig-  
nificant percentage of Boron-10, or  other  element which has  high neutron 
capture  cross-section and emi t s  energet ic  par t ic les .  
Boron-10, t h e  following reaction takes  place in a neutron flux: 
The annular gap through which the gas 
The gas  on entering the 
In the case  of 
10 1 7 4 
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A portion of the alpha par t ic les  emit ted go into the annular gap. 
There  they collide with the gas  molecules ,  ionizing some of them. 
energy of the nuclear  react ion which s tays  with the rings heats the 
mater ia l .  
The 
The g a s  flow helps cool the r ings.  
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At the point where the gas  leaves the annular gap, there  a r e  rings 
of metall ic mater ia l  which serve  as electrodes.  
potential is applied between the  emitting rings and the electrodes,  
cu r ren t  will flow. (The voltage must  not be high enough to cause break-  
down and discharge through the g a s ,  however.) This cu r ren t  has  two 
components, the alpha par t ic les  themselves,  and the conduction cu r ren t  
due to ionization of the g a s  in the gap. The magnitude of this  cur ren t  
is, of itself, a m e a s u r e  of the neutron flux. However, the purpose of 
this sensei concept is tc! r- nrc!vide a peumat ic  s ignal  ana.logous to the 
neutron flux. 
If a fixed electr ic  
L 
Let  us  set the gas  p re s su re  to put the density in a range where 
the mean f r e e  paths of the a lphapar t lc les ,  e lectrons and ions a r e  all 
smaller than the gap dimensions,  Then the gas can be regarded a s  a 
continuum f o r  fluid dynamic purposes.  
the g a s  in the presence  of the radial magneti-c field will resul t  in a 
tangential fo rce  on the gas 
the vector relationship between the cur ren t  density, j ,  the magnetic 
flux density, B, and the fo rcepe run i t  volume, F. 
The cur ren t  flowing through 
The schematic  d iagram Figure  3- 1 shows 
This magnetofluidynamic force in the tangential direction tends to 
swi r l  the gas ,  giving it angular momentum, in much the s a m e  manner  
as a control je t  in a conventional vortex amplifier.  
pickup at the outlet of the sensor ,  a pneumatic signal which is a function 
of the neutron flux is derived. 
By applying a suitable 
The concept just  described was  the s tar t ing point of the feasibility 
study reported in this  document. 
3.4 PRELIMINARY ANALYSIS - MAGNETOFLUIDYNAMIC 
AND E L E  CTROFLUIDYNAMIC PRESSURE GENERATORS 
The original scope of the investigation included only the c ros sed  
field magnetofluidynamic sensor .  
the proposed device is analogous to a motor  with a gaseous conducting 
a rma tu re .  
p rocesses  in the a r m a t u r e  annulus has  been understood, the almost  
unavoidable accumulation of ions could be predicted and the advantage 
of the electrofluidynamic mechanism became apparent.  
the relative velocities of electrons,  ions, and g a s  a r e  all- important.  
F r o m  Figure  3-1 it may be seen  that 
Once a rea l i s t ic  model of the conduction and energy exchange 
As will be seen,  
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To s ta r t  very  simply, i f  ion-electron pa i r s  a r e  generated in the 
a rma tu re  of axial length, L ,  a t  a ra te  dn /d t  p e r  unit volume, a steady 
s ta te  will be reached in which the collected cu r ren t  density 
dn 
dt 
J = q L -  
and 
- = J x B  dP 
dx 
(3-1) 
If the g a s  is f r e e  to  move, then within , imits of inviscid flow, g a s  
momentum, 6v, 
6v(t) = ( j  x B)t (3-3) 
The maximum velocity at which ions can  be removed by the field 
is bi  E ,  s o  that once the gas acquires  a velocity, the ion cu r ren t  is in 
the direction of the resultant of biE and v g o  
situation i s  asymptotically approached in which the total net velocity 
is due to the gas ,  and E exactly cancels v g 
a r e  removed faster (by hundreds to thousands of times) a net positive 
charge builds up (diffusion controlled in shape and recombination con- 
trolled in magnitude) in a thin layer  near  the ion col lector  where the 
majority of the potential drop occurs  and a thicker  layer  near  the 
electron collector where a much sma l l e r  d rop  ex is t s .  
space a very low e lec t r ic  field remains .  
by the driving forces  in the thin l aye r s .  
reduced by diffusion of ions back to the electrod collector but the c i r -  
cumferential component q mv The 
ult imate balance is when net collected cu r ren t  c ros sed  into B balances 
drag  lo s s  around the velocity c i rcui t .  
t ies  (< 10'' ~ r n - ~ ) ,  the steady s ta te  is achieved ve ry  slowly. 
governing mechanism in achieving steady s ta te  i s  ion diffusion, an 
already very slow process ,  slowed even fur ther  by the magnetic 
induction. A source  of instability is wall charging which has  been 
ignored s i n c e  the p r i m a r y  purpose of this argument  i s  to establish the 
nature of the approach to steady s ta te .  
Thus, a self-limiting 
x B. Since the electrons 
In the remaining 
Losses  are  taken up mainly 
The net c i rcui t  cu r ren t  is 
i s  now much l a r g e r  than L (dnldt)  ~ 1 g  
At low equilibrium charge densi-  
The 
The mechanism fo r  approach to  steady s ta te  speeds up with 
To a s sume  a 
increasing charge and in d i rec t  proportion to  the ra te  at which axial 
flow through the a r m a t u r e  is externally introduced. 
purging rate of 100 t imes  pe r  second (the required response ra te  for  
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the ent i re  s enso r  is half this)  and a circumferential  flow velocity of 
s eve ra l  m e t e r s  p e r  second is realist ic (about one circui t  per  a rma tu re  
volume). 
e lectrons pe r  ~ m - ~ / s e c  o r  1020 p e r  M-3 s e c - l .  
Newton M-3 o r  1 .5  x 
of axial dimension. 
of recollecting the iom at such high gas velocit ies.  
l a rge  enough that b,E >> v 
The maximum dn/dt  will be (as l a t e r  shown) about 1014 
j x B is about 0.1 
psia f o r  each c m  of c i rcumference and c m  
The evaluation optimistically ignores the problem 
The field need be 
2 typical values f o r  be being 0.1 to  10 m g' volt-1 s e c -  1 . 
Although it is detr imental  to the MFD generation, the excess  
density of heavy ions in a charged region that resu l t s  f r o m  the low 
mass of the electron relative to  the ion can be used to  advantage in the 
electrofluidynamic generation of p r e s s u r e  gradients.  
the resul ts  of the prel iminary MFD analysis with p r io r  resu l t s  on E F D  
provides a quick measu re  of the advantage of the E F D  pres su re  generator  
o r  ( just  as accurately) pump. 
Comparison of 
Stuetzer (1, 2, 3) has analyzed and with o thers  (4 ,  5, 6) has experi-  
mentally verified the E F D  pumping mechanism. In the E F D  pump, the 
electrons are collected a s  efficiently as possible p r io r  to  o r  at the inlet 
to the pump. The acceleration of the ions in the e lec t r ic  field and lo s s  
of the i r  excess  momentum to the fluid drags  the fluid creat ing a p r e s s u r e  
gradient in the direction of the electric field. 
The fundamental equations f o r  the rect i l inear  configuration 
(F igu re  3 - 2 )  a r e :  
dE 
n q = p = E -  
dx 
E 
NEGATIVE 
VOLTAGE 
A P SHOWN FOR POSITIVE CHARGE 
( 3 - 4 )  
Figure 3- 2 - Schematic Configuration of Rectil inear Electrofluidynamic 
P r e s s u r e  Generator 
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where 
d E  d E  
dy dz  
E = dielectr ic  constant of the fluid 
E is  in the x-direction and - = - = o  
and 
j = p v is the c u r r e n t  density ( in  the x-direction and constant) ( 3 - 5 )  
- po vf where po is charge  densi ty  p r i o r  to enter ing the pump field. 
dv 
i , and v = bE (3 -6 )  - dv dP dv p - = - v - - , v = v  $ "  - -  dx dx i f '  dx dx i 
- dp p E  
dx ( 3 - 7 )  
Solutions fo r  p, E ,  and p explicitly in x a r e  given in References 
2 and 3 ,  and a r e :  
where 
E = field at j = 0 
0 
cb I- 
( 3 - 8 )  
( 3 - 9 )  
and the p r e s s u r e  differential  a c r o s s  a pump of length L 
p. 1 2  = - [F - 2 ( E " +  :)(,/-- l)] (3-10 )  
Implicit in these equations a r e  the assumptions that flow is 
laminar ,  that b is constant,  that  diffusion lo s ses  to wal ls ,  wall  charging, 
turbulence, and compressibi l i ty  a r e  negligible, and that the fluid is 
normally insulating. As Stuetzer  and o the r s  have shown experimentally 
( 1 ,  2, 3 ,  5), these assumptions a r e  valid fo r  liquids. P r e s s u r e  diffr .r-  
entials of severa l  p s i  can be generated by var ious configurations with 
tens  of kilovolt sou rces .  The cited work had high pumping efficiency 
3 - 6  
as a p r imary  objective, and efficiencies of 20 percent were  reached for  
kerosene and freon.  Efficiencies of a percent o r  l e s s  are predicted f o r  
gases  such as SF 
that p r e s s u r e s  of 0.01 ps ia  at 106 VM-l  were  achieved in a corona 
ionizer and pump combined. 
with applied voltage indicates charge densi t ies  less than 1012 cm-3  
( 10l8  M'3). 
and air. Measurements on these gases  showed(l)  6 
The apparent l inear i ty  of p r e s s u r e  output 
The comparison of psia produced by E F D  pumping of air 
with the 
E F D  pumping had m o r e  potential than MFD for  the neutron flux senso r .  
As a resul t ,  the feasibility study w a s  redirected toward the m o r e  
promising E F D  concept ~ 
psia  predicted for M F D  pumping of Ei2 indicated that the 
1 .  
2. 
3. 
4. 
5. 
6.  
7 .  
8.  
9 .  
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SECTION 4 
E F D  PUMP ANALYSIS 
4.1 GENERAL DISCUSSION 
The analysis descr ibed in Section 3 . 4  on E F D  pumps was pr imar i ly  
re la ted to power efficiency. The bas ic  investigation involves the evalu- 
ation of the use of E F D  pumping in p r e s s u r e  signal t r ansduce r s .  
The choice of relationships between physical var iables  which may 
be used  in measurement ,  and the conditions under which they may be 
used a r e  dictated by the requirements  for sensitivity, repeatabil i ty of 
the senso r ' s  input-output relationship, and the degree to which these 
a r e ,  o r  can be made ,  insensit ive to the senso r ' s  environment.  Where 
any of these performance character is t ics  a r e  bet ter  than requi red  for 
any specific application, tradeoffs may  be made for  reduction of power 
consumption, weight and s ize ,  or to  mee t  other des i rab le  sys t em functions. 
The ensuing analysis  is aimed at predicting the performance,  
under conditions of pract ical  application, of an EFD pump generating 
a pneumatic differential p ressure  that is uniquely related to ionization 
of the working fluid, The ionization is proportional to the neutron flux 
in the range 1012 fas t  neutrons cm-2 sec -1  o r  l e s s .  
The environment is that of a propulsion reactor :  t empera ture  
varying f rom 200"R to 800"R; y-ray  background of 5 x 109 e r g  g m - l  h r - l  
at fu l l -powerandashigh  as 5 x lo7  e r g  g m - l  h r - l  a t  low power for  r e -  
start control, and modera te  vibration and accelerat ion under boost 
launch and propulsion. Hydrogen, s tored  a s  liquid, is vaporized for  
u s e  as the propellant and is  available a t  p r e s s u r e s  up to 300 psi .  
Within these constraints,  the engineering feasibility of the EFD 
pump can be predicted for  neutron flux to pneumatic p r e s s u r e  conversion. 
The method of neutron to ion conversion and the evaluation leading to 
the choice of hydrogen for  the working fluid a r e  descr ibed  in this section. 
The pump performance is analyzed for  the par t icular  application in- 
cluding theory,  pract ical  configuration, environmental  sensitivity, and 
a descr ipt ion of the experiments that will verify the analytic resu l t s .  
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4.2.1 Neutron Conversion to Curren t  Density 
Except for  establishing the upper l imit  of ion density 
available in  the pump fluid, the means fo r  neutron conversion need not 
be interrelated with the design of the pump. 
Two conversion reactions that have reasonable c r o s s  - 
sections and that produce excess  energy in the fo rm of ionizing par t ic les  
a r e  worth considering. One is the absorption of t he rma l  neutrons by 
BIO with decay to Li7 and a 1.7 Mev a-par t ic le .  The other  is the f i ss ion  
of U235 on absorption of a neutron. Although the product energies  of 
f iss ion a r e  g rea t e r ,  the l a rge r  cross-section of the BIO makes  i t s  r e -  
action more efficient. This comparison and a discussion of the con- 
vers ion coating problem is presented in m o r e  detail  in Section 6.2.4. 
The comparison between BIO a s  a constituent in a gaseous 
compound such as BF3 and a s  an elemental  wall  coating is quickly made  
by noting that a coating thickness equal to the range of the a-par t ic le  
product, may contain up to 3 m g m / c m 2  of elemental  boron. About 1 / 8  
of the theoretical a-par t ic le  ionizing is done in  one a - range  in the gas  
on one side of the coating so that a four-s ided chamber would increase  
the ionization at  a given neutron flux by four t imes .  F o r  BF3, the m a s s  
thickness of e lemental  boron per  a-range i s  about 1 m g m / c m 2 .  
resultant conversion rat ios  of ionization density to neutron flux a r e  
about the same. 
The 
The coating presents  a much s impler  problem in that, 
with i t ,  any g a s  may  be used along with suitable chamber  dimensions,  
e .g . ,  honeycomb sections of m e s h  size equal to the a-range for  the gas  
a t  the working p res su re .  Also, the quantity of enriched boron necessary  
is considerably l e s s  - -  even for  a sensor  that recycles  the gas .  F u r t h e r ,  
the sensitive volume is controlled by the coating s o  that the response 
t ime for  equilibrium ionization is only the chamber  length divided by 
the gas  velocity. 
ments  on the working fluid will  add to the advantages of a coated chamber 
over a BF3 working fluid. 
In the following section, consideration of the requi re -  
The conversion rate f rom an isotropic flux of neutrons to 
alpha particles is :  
R x Q B  
4 
B 
0 
= 
MB n 
where the subscript "B" he re  denotes Boron. 
Approximately one-eighth the total  ionization f rom +a will  
be in the gas. Each alpha particle produces about 5 x lo4 ions and i s  
totally absorbed in a range of 3.6 m m  o r  l e s s  of the gas  a t  ten a tmos -  
pheres  and 460"R. 
To minimize the ionization loss as the range increases  
with decreasing density (increasing tempera ture  a t  constant p r e s s u r e ) ,  
the chamber  d iameter  should be four t imes  the minimum range, i.e., 
1.0 cm.  
sectional a r e a  is r/4. 
2 The wall a r e a  then is T cm pe r  cm axial length and the c r o s s -  
The average ion cur ren t  density then is 
The boron will be about 2 mi l l i g ram c m - 2  thick. At an 
enrichment  of 0.75 B l o t  j = 1.6 x 
neutrons /cm2 - sec) .  
(Po, amp M-2 (where +on is 
4.2.2 The Working Fluid 
The conduction processes  in cool weakly ionized gases  
a r e  not complicated by the strong nonlinear inductive interactions of 
the high charge densit ies and cur ren ts  of p lasmas .  However, the n o r -  
mal ly  assumed constant conduction pa rame te r ,  ion mobility, i s  generally 
not constant at values of e lectr ic  field beneath those that wi l l  sustain a 
discharge.  Also, the mobility and the recombination coefficient a r e  
both ex t remely  sensit ive to molecular  type. These phenomena a r e  ex-  
tensively t reated in the f i r s t  s ix  chapters  of Reference 9. Being r e l a -  
tively low energy interact ions,  they a r e  a lso,  a s  a ru le ,  ex t remely  sens i -  
tive to tempera ture  . 
- 
The implication of these complexities to the E F D  t r a n s -  
ducer  design is that long-term stability will be achieved most  quickly 
by working with a gas  of ex t reme purity and, i f  possible,  one having a 
s imple atomic and molecular  s t ructure .  The la t te r  is merely another 
way of saying that the numbers  of available energy  and charge s ta tes  
should be low and the i r  excitation energ ies  should be high so that 
t empera tu re  effects a r e  minimized. 
exchange, thereby increasing the discharge -sustaining potential drop.. 
The overriding need is for  purity,  since the advantage of 
It a l so  minimizes  radiative energy 
s t ruc tu ra l  simplicity of the molecule is lost  i f  a s  little a s  1 ppm of a 
strongly electron attaching species i s  present .  One qualification which 
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must  be me t  by the working fluid in an E F D  transducer  is that it mus t  
be available at  the t ime required f r e e  of molecular  o r  atomic oxygen 
to better than one par t  in ten million. 
cation to meet than a tolerance of this o r d e r  of magnitude on a mixture.)  
Only helium and hydrogen can mee t  the requirements ,  and hydrogen is 
already available in grea t  supply aboard the vehicle on which the sensor  
will be used. 
(This  is a much s impler  specifi-  
The required freedom of 0 and 02 i s  expected f r o m  p ro -  
pellant grade hydrogen because the radiation field will  es tabl ish an 
equilibrium between H20, 0, 02, and OH. The water  molecule does not 
attach electrons and since it will  predominate by a t  l eas t  an o r d e r  of 
magnitude over the r e s t ,  the concentration of e lectron attaching mole-  
cules will be reduced well  below the two ppm of 02 (half f r ee ,  half in 
C02) specified for  propellant hydrogen (Reference Mi l -P  -2720 1 A, 
1 September 1964). 
Although values of ra te  constants a r e  unknown, an est imate  
of the active oxygen available in propellant hydrogen while under i r r a d i -  
ation can be made. The situation is dominated by three conditions: 
2 (1)  The stability of H 
(2) The stability of the H 0 molecule 2 
( 3 )  The low absolute molecular concentration of 02 
(maximum possible is 2 x 02 to H2) 
A review of experimental  knowledge of the oxidation of H2 and the de-  
composition of water by radiation in References l l  and 12 leads to the 
conclusion that 02 and oxygen radicals  will be present  a t  much lower 
concentrations by at l eas t  two o r d e r s  of magnitude than H20 which 
itself does not attach electrons.  
The basic problem with gaseous impurit ies in any gas  is 
the extreme sensitivity of the ion and electron mobili t ies and recombi-  
nation coefficients to e lectron attaching impurit ies.  
directly in the t ransfer  functions of the sensor  while a variation of the 
recombination ra te  would change the ionization density for  a par t icular  
neutron flux a t  high ionization densit ies.  
Ion mobility appears  
The availability of large quantities of hydrogen permi ts  
sensor  inside walls to be ignored as sources  of contamination since 
high purging r a t e s  m a y  be used during sensor  operation. 
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Although ion mobilities have been measu red  only at much 
higher  ra t ios  of e lectr ic  field to gas  p r e s s u r e  than assumed for  reliable 
t r ansduce r  operation, there  is reason to suspect  impuri ty  effects to be 
worse  as the ion dr i f t  velocities dec rease .  
Extrapolating the data that is available for  ion mobili t ies 
in  hydrogen (Reference 8) leads to the es t imate  that it l ies between a 
condition of holding constant and one of varying as the first power of 
the e l ec t r i c  field, i.e., the mobility. 
n 
b - P E  
where there  is some uncertainty in p and n. 
points of Rose and Clark  lie on a line 
The lowest few experimental  
3 2 
Volt s e c  
-10 E M Atmos b = 5 x 1 0  - 
2 2 
P 
F o r  the purposes  of feasibility prediction, very  low rat ios  
of e lec t r ic  field to p re s su re  have been assumed.  
assumption is that intermit tent  discharging, arcing,  o r  sparking cannot 
be permi t ted  except at very low frequency of occur rence  and with r e -  
covery  t imes  l e s s  than the required response t ime of the senso r .  
The reason  fo r  the 
A r c s  and spa rks  result  when s t r ings of dense charge a r e  
Having high conductivity, formed in the direct ion of the electric field. 
they both short  par t  of the electrode gap and appear  as sha rp  field t e rmin i  
o r  mobile corona points. 
power is available, maintain themselves as conductive channels. Such 
s t r ings  can be caused by massive high energy fission products,  events 
involving p r imary  cosmic par t ic les ,  o r  even by random spatial  and 
t empora l  peaks in the ionization involved in the measurement .  
of a hundred mi l l iamperes  o r  larger  a r e  necessa ry  to sustain in a rc .  
The no rma l  glow discharge is not expected at p r e s s u r e s  
They propagate a c r o s s  the gap, and i f  sufficient 
1 
Cur ren ts  
of 10 atmospheres .  However, the photoemission f r o m  electron-molecule 
coll isions in the anode -cathode drop  regions can excite photoelectrons 
f r o m  the cathode. It is an experimental  fact  that a minimum anode- 
cathode fall is necessa ry  to  sustain the n o r m a l  discharge.  
170 to  230  volts (depending on cathode ma te r i a l )  is necessa ry .  
F o r  hydrogen, 
Caution then dictates maximum cathode -anode voltages 
of 200 volts and quick recovery power supplies l imited to one milli- 
ampere  o r  less .  E lec t r ic  field s t rengths  of l o 5  V M - l  in pumps built 
4 - 5  
of relatively open (95  percent)  gr ids  separated by two mi l l imeters  in the 
direction of gas flow provide a pract ical  s t ruc ture .  
has  dimensional flexibility, approximates closely a rect i l inear  configu- 
ration, adjusts simply to avoid sustained d ischarges ,  permi ts  neglect 
of wall charging a s  a problem source ,  and so  provides a model  for  
analysis as well a s  a model f o r  experimental  verification of the analysis  
The configuration 
4 . 2 . 3  Theory of the Gaseous E F D  Hydrogen Pump 
The prel iminary analysis in Section 3 . 3  cited the resu l t s  
of previous work (Reference 1-7) on E F D  pumps to compare EFD with 
MFD a s  transducer mechanisms.  The cited work was based on constant 
ion mobility, that is ,  the ion dr i f t  velocity is l inear ly  dependent on the 
e lec t r ic  field intensity. As already d iscussed ,  hydrogen, about which 
m o r e  is known than any except the r a r e  gases ,  appears  to exhibit at  
low fields and high p r e s s u r e s  a f i r s t  power dependence of mobility on 
e lec t r ic  field intensity. At the very  low values of E / p  assumed he re ,  
the mobility very likely l ies  between being constant and having the first 
power dependence, a s  discussed previously. (A persis tent  dependence 
grea te r  than f i r s t  power would resu l t  in a ze ro  mobility a t  appreciable 
field strengths.) 
The following analysis is idealized to the extent that it is 
assumed: 
(1) Electrons a r e  completely collected a t  the pump inlet 
electrode ~ 
( 2 )  Recombination t imes  a r e  large compared to the t ime 
gas spends in the pump. 
Diffusion losses  of ions inside the pump a r e  negligible, 
or  i f  not negligible, small, and the variations in them 
due to temperature  changes a r e  negligible. 
( 3 )  
These assumptions a r e  justified in Section 4 . 2 . 4  af ter  the r eade r  is 
famil iar  with the dimension, geometry,  and charac te r  of the proposed 
Pump - 
A solvable se t  of differential  equations resu l t s  i f  the 
fur ther  assumption i s  made that the variation in fluid velocity is negli-  
gible. 
divergence of the fluid velocity is assumed negligible relative to the 
divergence of the ion velocity. 
a r e  small enough relative to the mean  p r e s s u r e  that this assumption 
i s  justified. 
The resulting se t  of differential  equations can be solved i f  the 
The attainable EFD pres su re  gradients 
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The governing equations a re :  
dE 
nq = p = E- 
dx 
j = p v =  p v  
o f  
(4-1) 
(4-2) 
dP - =  p E  
dx (4-4) 
b = pE; i.e., b is  not a constant (4-5) 
A new se t  of differential equations resu l t s  under the same 
conditions and assumptions (except on b) as before. Dropping the 
approximation sign in equation (4-3), and substituting f rom equation (4-2) 
for  v ,  and f rom equation (4-1) f o r  dE/dx.  
and differentiating 
(4-7) 
Alternatively, substituting f rom equation (4-1) for  p in 
equation (4-6) 
and combining equations (4-6)  and (4-4) 4 
The solutions a re :  
r I 3 \ 1 2 / 3  
(4-10) 
4-7 
(4-1 1) 
(4-12) 
L J 
Examination of equation (4-11) shows that: 
2 (F l ) ' x f o r j < l o  -3 a m p M  -2 
3 P  
Pi = 
Substitution of the values: 
-12 -1 
e = E = 8.6 x 10 F M  
0 
-2 12 -2 -1 
j = 16 a m p M  (a t  + n =  10 cm sec  1 
-12 p = 5 x 10 (for  H a t  10 atmos.  p r e s s u r e )  
2 
x = 0.01 M 
yields,  
p. = 0.31 ps ia  
1 
Comparison with the resu l t s  of Section 3.4 indicates that 
the current  to  pressure  conversion will be between the half-power (x 
m a y  vary inversely as the square root of ni a t  very high change densit ies) 
and the two-thirds power of the pump cur ren t ,  depending on the actual 
behavior of the hydrogen ion mobility at  low E / p .  
Using the 2 / 3  power of cur ren t  relationship, and ps ia  
as the smallest  useful output, 2.8 x 
detectable current .  
and the minimum detectable neutron flux - -  1.75 x l o 6  On cm-2  s e c - l .  
a m p  M-2 will  be the least  
The maximum curren t  (at a neutron flux of 10 l2  
cm-2  s e c - l )  is  16 a m p  M-2.  The relative range then will  be 5.7 x 10 5 , 
4.2.4 The Effects  of Recombination, Diffusion, and Space Charge 
In the idealized analysis,  the charge losses  to diffusion and 
recombination processes  were ignored. Also, the reduction of effective 
pump chamber length by the intrusion into it of the vir tual  space charge 
l imited anode was ignored. 
One basis  fo r  the f i r s t  two of these idealizations lies in the 
t imes  required fo r  these mechanisms to become effective. According 
to McDaniel (Reference 10, p. 557), the relaxation f rom an initial e lec-  
t ron  energy in H2 at 10 atmospheres p re s su re  will proceed with a 
character is t ic  t ime of 0. I millisecond. Assuming an  average energy 
following generation in the o rde r  of 10 ev, it will take new electrons 0.4 
millisecond to reach  energy of 0.2 e v  - -  st i l l  a quite "hot" electron. At 
the maximum ion density (2.5 x l O I 3  ~ r n - ~ ) ,  the shielding length of 8 e v  
electrons will be about 10 percent of the separation of the electron 
collecting ribbons. 
At the lowest possible gas  velocity anticipated, 5 M/sec ,  
the average electron will still be a t  an effective temperature  of severa l  
hundred degrees  C and will  not be in the region of rapid recombination 
when i t  en te rs  the electron collector in the pump. The wors t  conditions 
will  be a t  the highest charge concentration and lowest temperature  - -  
mutually exclusive conditions. Of course ,  a fraction of e lectrons will 
spend additional t ime in the chamber until they migrate  back out to the 
anode o r  do recombine. 
Recombination in the m o s t  pessimist ic  view is effective 
only a t  high flux where sensitivity is no problem. 
case  possible, the recombination r a t e  a, i s  2.5 x 10-8 cm3  sec - l  a t  a 
numerical  charge density, n, of 1012 cm-3. 
pa i r  production, r ,  is 5 x 1014 sec - l .  
Assuming the worst  
At the highest flux, the ion 
The equilibrium charge density, i f  the gas were  not flowing, 
would be a t ,  
dn 2 
- _  - - a n  t r = O  
dt  
(4-13) 
L . 3  A l Y  
1 1  
n = 1.5 x 10 
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If there were no recombination and the charge densit  
were reduced only by the gas  velocity of 5M s e c - l ,  n would be 10 13 
~ m - ~ .  At one o rde r  of magnitude down in flux ( l o l l  neutrons ~ r n - ~ s e c - l ,  
the two effects a r e  about equal, and below 1010 cm-3  the recombination 
is negligible relative to the gas  flow in determining the charge density. 
If experiment discovers  a total saturat ion (definitely not 
expected), the top decade can be covered by including a l e s s  sensitive 
uncompensated internally converting neutron pump physically located 
in s e r i e s  with the sensitive wide range compensated pumps. 
range pump would be switched on a t  an experimentally determined point 
a t  which the measurement  is beginning to be disturbed 
Ions would then be pumped within 0 .5  millisecond af te r  formation. 
The high- 
by recombination. 
Since the gas never takes m o r e  than 2 mill iseconds to get 
through the neutron chamber and pump, ion loss  by diffusion will be 
negligible. In a mill isecond, diffusion will produce an rms displacement 
of an ion of about 1 0-2 cm.  
In the idealized analysis of Section 3.2.3, no account was 
taken of the shielding of the inlet of the pump chamber by the positive 
space charge sheath at  the ion collector. This effect appears  in the top 
three decades. However, since in any case  the same amount of work 
is done on the ions,  the difference w i l l  be in the efficiency with which 
this work is  t ransfer red  to the fluid. The sheath is a small fraction of 
the chamber length in the upper two decades.  I t  might be expected that 
the ratio of field strength to p re s su re  is then high enough that constant 
ion mobility prevai ls ,  The f i r s t  power response (equation (2-19) ) would 
then rule the p re s su re -cu r ren t  relation. If so ,  a saturation effect would 
be welcome since i t  would help to achieve the des i red  logarithmic output. 
In summary ,  the analysis of Section 3.2.3 applies at low 
charge density. At high charge density, the effects discussed a r e  
applicable. However, until their  nature and where they occur a r e  e m -  
pirically determined, i t  may  be assumed that in  the wors t  event two 
pumps ope rating a t  different neutron flux conversion efficiencies can 
cover the entire range that is predicted fo r  the ideal pump. F o r  example,  
a t  high fluxes the neutron conversion chamber m a y  be operated by itself 
as' a low efficiency single section pump. 
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SECTION 5 
VORTEX AMPLIFIER ANALYSIS 
5.1 BASIC PRINCIPLES O F  VORTEX AMPLIFIERS 
This section gives a detailed analysis of vortex amplifiers as 
related to the specific application of the neutron sensor .  The resu l t s  
of this  section, together with the resu l t s  of Section 4, a r e  combined in 
Section 6 to give an overal l  description of the complete neutron senso r  
s ys tem.  
5.1.1 Description of Vortex Amplifier 
The vortex amplifier is a fluid s ta te  control element 
having no mechanical moving par ts .  The control effect is produced by 
the p r e s s u r e  drop ac ross  a vortex flow field created by injecting fluid 
tangentially at the outer  wall of a cylindrical  chamber .  Depending upon 
the specific design and the manner in which the vortex device i s  operated,  
e i ther  a p res su re  amplification o r  a flow amplification may be obtained. 
F igure  5-1 is the schematic of a typical vortex amplifier.  
The figure also defines the notation for  the geometry of the vortex 
amplifier . 
EXTERNAL OUTPUT (pee) 
SUPPLV 
PRfUURE fNTERNAL WTWl 
C Z Y 9  
LEGEND 
01 - V M T E X  CHAMBER DllllETtR 
Dz 
Dc - CWTROL PORT DIAMTER 
De, - INSWE MAMETER OF EXTERNAL r(CK0Pf 
Dol 
- VOITEX Q(WlER EXIT D I U T E R  
- fflSmf! DIAMETER OF INTERNAL PfCKOFF 
1 - VORTEX DHAMDER LENGTH 
L - EXTERNAL PROOE P0SITH)N 
Fizu re  5- 1 - Vortex Amplifier Schematic 
5- 1 
t 
W C  
( 0 )  Vortex Valve (b) Vortex Amplifier 
With One Pickoff 
t poi 
WO 
4 
P0e 
x 
( c )  Vortex Amplifier 
With T w o  Pickoffs 2 
Figure  5 - 2  - Conventional Representation of Vortex Amplifiers 
The main  supply flow enters  the mixing zone behind the 
button at l o w  velocity. The flow passes  around the button in an annular 
sheet into the main vortex chamber .  In the absence of control flow, the 
main  flow proceeds radially inward toward the central  outlet of the vortex 
chamber .  In this  condition, the maximum flow passes  through the cent ra l  
outlet. 
ponent is imparted to the main  supply flow, and the combined flows p a s s  
into the vortex chamber  with both tangential and radial  components. 
Centrifugal effects c rea te  a radial  p r e s s u r e  d rop  which produces a useful 
change in p re s su re  o r  flow. 
When a tangential control flow is provided, a rotational com-  
F igure  5-2 shows the conventional representat ion of vortex 
devices which will be used fo r  schematics  of vortex amplif ier  sys t ems  
in this report .  Figure 5-2(a) shows a vortex valve which has  an outlet 
or i f ice  but no p r e s s u r e  pickoffs. 
amplifier with one pickoff, which could be in e i ther  the internal o r  
external  position as indicated in F igure  5- 1. 
vortex p r e s s u r e  amplifier with two p r e s s u r e  pickoffs such as a device 
with both internal and external  pickoffs. 
possible.  
hole and the p r e s s u r e  output sensed through an  outer  hole. 
F igure  5-2(b) shows a vortex p r e s s u r e  
F igure  5-2(c) shows a 
Other  a r rangements  are  
F o r  example,  the outlet flow can be taken through a cent ra l  
5.1.2 Calculation of the P r e s s u r e  Drop Across  a Vortex 
in an Inviscid Ideal Gas 
The control flow is introduced into a vortex amplifier 
tangential to the c i r c l e  of d iameter  D1. The control flow mixes with 
the supply flow and establ ishes  a tangential  veiocity component in the 
vor tex  chamber .  
tangential  velocity at the outer  wall is given by: 
If conservation of momentum can be assumed,  the 
w v  
c c  
v =  
w w i - w  
S C 
where  
v = tangential velocity component at outer  radius  --- 
W 
of vortex - fps 
v = control veloc 
C 
w = supply flow - 
S 
W = control flow 
C 
ty - fps 
l b / s e c  
l b / s e c  
(5-1) 
The assumption of perfect  momentum exchange is probably not accurate .  
However,  the assumption is sat isfactory f o r  the present  analysis  s ince it 
p e r m i t s  the derivation of an equation which can be used to  predict  the 
genera l  t rends  of vortex amplifier per formance  and the functional re- 
lationships among the var iab les .  
The tangential velocity component, vw9 establ ishes  a vortex 
flow field in the vortex chamber .  At any rad ius  in a vortex,  the angular 
rotation is given by: 
T 
12 v 
w =  r (5-2) 
where  
v = tangential velocitjr - fps 
T 
0 = angular velocity - r ad / sec  
r = radius  - in, 
The relationship between vT and r at any two rad ia l  positions i n  a 
vortex can be  descr ibed  by: 
5- 3 
where  
= tangential velocity at radius  r - f p s  
= tangential velocity a t  radius  r - fps  
T2 2 
1 T1 
n = 0 corresponds to a f r e e  vortex 
V 
V 
and 
( v T  r = constant) 
n = 1 corresponds to  a constant tangential velocity 
( v T  = constant) 
n = 2 corresponds to a forced  vortex 
( W  = constant) 
In a conventional vortex amplif ier ,  when vw = 0 ,  the p r e s s u r e  drop  
a c r o s s  the amplifier is essent ia l ly  that result ing f r o m  the flow through 
the outlet orifice.  Therefore ,  when vw # 0 ,  the change in p r e s s u r e  in 
the radial  direction of the vortex field for  an inviscid fluid as defined 
by the radial momentum equation, i s  approximately: 
2 d r  
dp = 144 p v - 
T r  
where  
p = p r e s s u r e  - ps ia  
2 4  
p m a s s  density - lb -sec  / i n  
If the fluid is a perfect  gas:  
where 
g s tandard gravitational accelerat ion = 386 i n / s e c  2 
R = ideal g a s  constant - lbm in/lbf "R 
T = absolute tempera ture  - "R 
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Equations ( 5-3), ( 5-4), and ( 5- 5) can be combined and integrated to  obtain 
the change in p r e s s u r e  f r o m  an outer to  an inner radius.  
t ions of constant T, and n constant and # 0, the integrated equation is: 
With the r e s t r i c -  
2 n  - 
Ln (:) - = ( 144 g R T  v w 2 )  ( 2 1 1 - 2  ) [1 -(>) '1 (5-6) 
W 
The p r imary  significance of this equation is the indication 
C L  Licit the t rue input to  a vortex amplifier is the tzngentizl v e l ~ c i t y  at the 
outer  wall, vw. The value of vw i s  changed by varying the momentum 
of the control flow injected tangentially at the outer  wall of the vortex 
chamber .  The control flow momentum is equal to wcvc /g .  If perfect  
momentum exchange between the supply and control flows could be 
achieved, the value of vw would be  given by equation ( 5- 1 ) .  
If the control ports of a vortex amplifier a r e  la rge ,  small 
changes in the control p re s su re ,  pc, produce a given control momentum 
change, and the device i s  a p re s su re  amplifier.  
the control por t s  are small, smal l  changes in control flow produce a 
given control momentum change and the device is a flow amplifier.  
On the other  hand, if 
A prec ise  correlation between equation ( 5 - 6 )  and the actual 
The 
per formance  of a vortex amplifier is difficult. 
the flow i s  three-dimensional and is influenced by real gas  effects. 
pa rame te r ,  n, thus appears  to be not an  integer and variable and the 
rat io  r i / rw  is not exactly defined by the physical geometry of the ampli-  
f ie r .  
nature of the operation of a vortex amplifier.  
In a real vortex device, 
However, the equation i s  useful in that it gives an insight into the 
5.1.3 Actual V o r t e x  Amplifier Per formance  
F igu res  5-3 and 5-4 show plots of vw ve r sus  poi/poi max 
The da ta  for for  vortex amplif iers  having d iameters  of 1 ,  2, and 3 in. 
both of these f igures  was taken at  30 psig supply p r e s s u r e  with room 
tempera tu re  air. 
for the 1-in. amplifier with blocked output, 44.3 ps i a  for  the 3-in. ampli-  
fier, 44.0 psia  for  the 2-in.  amplifier, and 39.2 ps ia  for  the 1-in. amplif ier  
with flowing output. Values of vw w e r e  computed f r o m  equation (5-1) 
assuming that: r 
The values of poi max fo r  these curves  are  44.7 ps i a  
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f o r  p s /pc  < 0.999 and  
(Pc - PSI 
pS 
C = h / 2 g R T  
for  1.0 > ps/pc > 0.999 
where  
(5-8) 
k = ra t io  of specific hea t s  - dimensionless  
= control  p r e s s u r e  - psia  
pC 
= supply p r e s s u r e  - ps ia  
pS 
The significant geometr ical  p a r a m e t e r s  of these vor tex  
ampl i f i e r s  are tabulated in Table 5- 1. 
Table  5- 1 - Vortex Amplif ier  P a r a m e t e r s  
D . / D 1  D . / D z  l / D 1  l / D 2  
Dl  D2 o i  D2/D1 01 01 
D 
inch inch inch inch 
1.0 0.05 0.02 0.070 0,05 0.020 0,40 0.070 1 . 4  
2.0 0,21 0.05 0.125 0,lO 0.025 0 ,24  0.062 0 .6  
3.0 0.09 0.02 0.109 0.03 0,0067 0,22 0.036 1.2 
The c u r v e s  given in F i g u r e s  5-3 and 5-4  indicate that  fo r  
*. the specif ic  vo r t ex  amplifiers under consideration, the output p r e s s u r e  
becomes  m o r e  sensi t ive to  changes in  tangential  velocity at the wall  as 
the vo r t ex  chamber  d i ame te r  D1 i n c r e a s e s .  A number  of f ac to r s  may 
account for  this effect. 
A s  indicated by equation (5-6),  the p r e s s u r e  r a t io  a c r o s s  
Equation (5-6) w i l l  give 
a n  ideal, inviscid, vo r t ex  w i l l  be  mos t  sensi t ive to changes in tangential  
velocity when the ra t io  r i / rw is the sma l l e s t .  
a n  adequate descr ipt ion of p r e s s u r e s  inside the vor tex  chamber  f rom 
the outer  w a l l  d i ame te r  D1 t o  the edge of the outlet hole D2. 
m e t r i c a l  coordinates  l e s s  than D2, the flow w i l l  be three-d imens iona l  
and w i l l  no longer be descr ibed  by equation (5-6). 
At d ia-  
Hence, t h e r e  will  be  
5- 7 
no exact correspondence between the physical  geometry of the vortex 
ampl i f ie r  and a r i / rw ratio fo r  the vortex flow field. However, t he re  
w i l l  be a relation between an effective r i / rw rat io  and the rat ios  Doi/D1 
and D2/D1. It w i l l  be expected that,all  o ther  fac tors  being equal, the 
vortex amplif ier  having the smal les t  ra t ios ,  Doi/D1, and D2/D1, w i l l  
have the highest gain, Apoi/AVw. 
flow field will a l so  influence the gain, the relationship between Doi /D  1 
and D2/D1, which may be descr ibed by the ratio Doi/Dz3, wi l l  a l so  be of 
significance. 
Since the fo rm of the three-dimensional  
In general ,  Bendix vortex p r e s s u r e  ampl i f i e r s  have been 
built with the vortex chamber  length, I, a t  l eas t  equal to the d iameter  of 
the outlet, D2. This is done to insure  that in the no-swir l  condition the 
radial  p r e s s u r e  drop in the chamber  w i l l  be insignificant. Deviations 
f rom this rule a r e  made in special  cases ,  a s  for example, when it is  
des i red  to obtain good dynamic response.  
shown that too ex t reme a reduction in I w i l l  cause  a deter iorat ion in vortex 
amplif ier  performance.  
However, experience has  
Other factors  which w i l l  effect the per formance  of vor tex  
ampl i f ie rs  include Reynolds number and other  r e a l  gas effects, geo- 
me t r i ca l  imperfections in the individual amplif ier ,  and the efficiency 
with which the control momentum is  t r a n s f e r r e d  to the total flow in a 
par t icu lar  unit .  
significant in a sma l l e r  unit than a l a rge r .  
There  w i l l  be a tendency for these factors  to be m o r e  
The g rea t e r  change in output p r e s s u r e  for a given change 
in vw which was obtained with the 3-in. vor tex  amplif ier  compared with 
the 2-in. vortex amplif ier  i s  attributed p r imar i ly  to the s m a l l e r  d iameter  
ratios D2/D1 and Doi/D1 which a r e  associated with the l a r g e r  unit. 
HoweverP the relatively sma l l  value of I for  the 2-in. unit would a l so  
contribute to the difference in gains. The g r e a t e r  value of Apo/Avw 
assoc ia ted  with the 2-in. unit compared with the 1-in. unit is attr ibuted 
to a grea te r  efficiency of the l a rge r  unit. However, the l a rge r  value of 
DOi/D2 associated with the sma l l e r  unit might a l so  be of significance. 
F r o m  Figure  5-4, the maximum gain of the 3-in. amplif ier  
is 2.8 psi/fps a t  vw =: 9 fps .  A s imi l a r  tes t  with a supply p r e s s u r e  of 
60 psig gave a gain of 3.8 ps i / fp s  a t  vw of approximately 7 fps. 
gains are  all based on the use of the internal pickoff. 
possible with the use of a careful ly  constructed external  pickoff. 
These 
Higher gains a r e  
-8 
Figure  5-5 shows the p r e s s u r e  amplification charac te r -  
i s t ics  of the 3-in. d iameter  amplifier of Figure 5-4 operated a t  various 
supply p re s su res .  The maximum p r e s s u r e  gain, Kp = Apoi/A(pc - ps), 
for  this  par t icular  t e s t  1s 3600.  Tests of s imi la r  units have shown 
higher gains. In o rde r  to obtain these high values of Kp, relatively 
l a rge  control po r t s  mus t  be used. As a result, control flow increases  
rapidly and soon equals the flow from the outlet orifice.  At this point, 
a fur ther  decrease  in output p re s su re  i s  impossible unless there  i s  a 
means  of dumping excess coiitro! flow. t he  t e s t  p r ~ d l ~ c i n g  the data 
shown in F igure  5-5, the excess  control flow was removed by allowing 
it to  flow backwards through the supply line and vent through the supply 
p r e s s u r e  regulator.  
outlet orifice flow, Go, a s  a function of pc - ps. The data shown in 
F igures  5-5 and 5-6 is typical of high gain vortex p r e s s u r e  ampl i f ie rs .  
The actual curve  w i l l  be  affected by the working fluid, t empera tu re  
levels ,  and the p re s su re  levels  and ratios imposed on the device. 
Figure 5-6 shows the control flow, GC, and the 
5- 9 
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5.2 FACTORS AFFECTING VORTEX AMPLIFIER 
PRESSURE- GAINS AND OUTPUTS 
5.2.1 Temperature  Sensitivity 
It can be shown f rom equation (5-6) that the p r e s s u r e  rat io  
a c r o s s  an ideal vortex amplifier should be independent of the molecular  
weight and the temperature  of the working fluid. The demonstration is 
as follows: 
The flow through the outlet orifice (diameter  D2) is 
A f (P / P )  'do 2 2 u e w = w t w  = 
0 C S 
where 
(5-9) 
(k- l ) / k  
f 2  (Pu/Pe) = Pu 
i f  the flow is subsonic and 
2(k- 1) 
f 2  (Pu/Pe) = Pu G (&) 
if the flow is sonic 
where 
C = discharge coefficient of outlet orifice - dimensionless 
do 
A2 = a r e a  of outlet orifice - in 2 
= p r e s s u r e  determining flow through outlet orifice - psia  
= vortex amplif ier  exhaust p r e s s u r e  - psia  
pU 
'e 
Also 
w =  v= C (5- 10) 
5-11 
where 
= control port  discharge coefficient - dimensionless 
‘dc 
A = control port  a r e a  - in‘ 
C 
Fur thermore  
where 
(5-11) 
(k- l ) / k  
12 
since control flow will invariably be subsonic for  a p r e s s u r e  amplifier.  
Substitution of equations (5-9) ,  (5- l o ) ,  and (5-1 1)  into equation (5-  1) gives: 
C A f (p  /P ) f 2  (P /P  
(5-12) 
dc  c 1  s c s c  
v =  
W l 2  ‘do A 2 f 2 (Pulpe) 
Substituting equation (5 - 12) into equation (5 - 6)  gives : 
2 
2n - 
[l - (>) W 2] (5-13) 
and the p re s su re  ratio a c r o s s  an ideal vortex amplifier operating with 
an inviscid fluid i s  independent of temperature  and molecular weight. 
’ Howevers i f  actual vortex amplifier performance a t  var ious 
temperatures  and for gases  of various molecular weights is  examined, 
i t  is  found that a significant change in performance mayloccur.  
down rat io  (maximum flow divided by minimum flow) of vortex valves 
decreases  a s  tempera ture  increases  o r  a s  molecular  weight dec reases .  
Figure 5-7 shows the effect of a tempera ture  increase  on the p e r -  
formance of a one-inch vortex p r e s s u r e  amplifier a s  tempera ture  is 
increased from room tempera ture  to  1200°F. 
T1,re turn-  
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Equation (5-  13) indicates that vortex amplifier performance 
at a given supply and exhaust p re s su re  should be independent of gas  
density. It is therefore  believed that the shift in performance i s  a 
Reynolds number effect. This i s  supported by the resu l t s  of a recent 
tes t  on the tempera ture  sensitivity of a one-inch d iameter  p r e s s u r e  
amplifier.  
The resu l t s  of this tes t  were  interpreted through use of 
the assumption that the expression for  the Reynolds number of a vortex 
amplifier i s  given by: 
(5- 14) 
w =I  
12 p v 
- 
NR - IJ. 
5-13 
where 
N = Reynolds number - dimensionless 
R 
p = dynamic viscosity - l b l sec - in  
F rom equation (5-7) we can say that fo r  the same  p r e s s u r e  ratio: 
\' = K  e (5-15) 
C C 
For  the same p r e s s u r e  ratio,  it is  a l so  reasonable to assume that 
W 
C ? = K  
W W 
0 
(5-16) 
F r o m  equations ( 5 - l ) y  (5-5), (5-14), (5-15), and (5-16) we can then say 
that for  a given vortex amplif ier  operating a t  a fixed p r e s s u r e  rat io  
(5-17) 
Figure 5-8 shows the maximum p r e s s u r e  gains obtained 
The data has  been plotted v e r s u s  a relative Reynolds 
during the test of the l - i n o  vortex p r e s s u r e  amplifier at var ious 
temperatures ,  
number taking the Reynolds number at  75 psig and room tempera ture  
a s  unity and using equation (5 - l7 )  to compute the remaining Reynolds 
numbers using ps a s  the pressure ."  Use of this  equation is not s t r ic t ly  
accurate  since the value of pc-ps a t  which the maximum gain occurs  is  
not constant for  a given value of ps and varying tempera tures*  However, 
examination of equation (5-7) shows that the e r r o r  is not grea t  i f  pc-ps 
i s  much smal le r  than psn  
ship between Reynolds number and maximum p r e s s u r e  gain with a change 
in slope occurring a t  a relative Reynolds number of 0.43. 
J. 
The figure seems  to show a definite relation- 
In the case  of the neutron senso r ,  the working fluid is 
hydrogen which potentially m a y  change in tempera ture  f rom 200% to 
800"R. 
lb l sec - in ,  while a t  800% i t  is  6.55 x 10-7 lb / sec- in .  
At 200"R and 1 a tm,  the viscosity of hydrogen i s  2.54 x 10-7 
>;: a: F r o m  equation 
-~ - ~~ 
:$ 
In these computations, viscosit ies were  taken from Hilsenrath,  Joseph, 
e t .  a l ,  
Standards Circular  564, November 1, 1955, 
Tables of Thermal  Proper t ies  of Gases ,  National Bureau of 
4. J. .,et. 
Ibid 
5- 14 
13 
10 
- 
i l l 8  
1 
n 
E 
4 
" 6  
ui Y)
W 
w n. 
X 
Y) 
f 4  
2 
0 
e ROOMTEMP 0 75 PSlG 
0 50 PSlG 
0 20 PSlG- 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 .o 0 
RELATIVE REYNOLDS NUMBER 
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a One Inch Diameter Vortex Amplifier 
(5-17),  the Reynolds number ratio corresponding to this range of t em-  
pe ra tu res  and viscosi t ies  i s  0.194. 
Synthesis of a complete neutron sensor  system wi l l  require 
use of low gain vortex amplifiers in  the s ize  range of 1-in. U s e  of 
equation (5-17) shows that the relative Reynolds number change from a 
vortex amplifier of this  s ize  operating on a i r  a t  520% and ps = 89.7 psia  
to hydrogen at  800% and ps = 150 psia  is 0.542. 
amplifier operating at  the neutron sensor  environmental  conditions 
giving the lowest Reynolds number would be in the region of lowest 
slope of Figure 5-8.  
Thus a 1-in. vortex 
A 3-in. vortex amplifier operating at  the same  value of 
vw as a 1-in. vortex amplifier would have a Reynolds number a s  de- 
fined by equation (5-14) th ree  t imes g rea t e r .  However, Figure 5-3 
shows that the maximum gain of a 1-in. vortex amplifier with blocked 
output occurs  a t  a value of vw 2 30 to 40 fps,  while Figure 5-4  shows 
that the maximum gain of a 3- in .  vor tex amplifier occurs  a t  vw ," 9 fps.  
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This indicates that angular velocity m a y  be a significant pa rame te r .  
The changes in vw will cancel the effects  of the diameter  i nc rease  so  
that a 3-in. vortex amplifier at  maximum gain will operate a t  a slightly 
lower Reynolds number a s  defined by equation (5-14) than a 1-in. ampli-  
fier at  maximum gain, a l l  other conditions being equal. However, it  
has  not really been established that Reynolds numbers  defined by 
equation (5- 14) a r e  equivalent fo r  vortex amplif iers  with different 
d iameters .  In addition, since a l a rge r  amplifier h a s  a lower relative 
roughness and generally m o r e  accurate  geometry,  i t  is probably l e s s  
sensitive to Reynolds number shifts than a smal le r  amplifier.  
A complete evaluation of the tempera ture  sensitivity 
problem would require  experimental  effort and is beyond the scope of 
the present  investigation. Es t imates  of the relative Reynolds numbers  
indicate that the lowest Reynolds numbers  of the neutron sensor  vortex 
amplif iers  will be above the range of grea tes t  Reynolds number sensitivity. 
However, even though the sensitivity to Reynolds number m a y  be expected 
to dec rease  a s  Reynolds number increases ,  t es t  data indicates that the 
effect potentially could be grea t  enough to significantly affect the 
accuracy of the neutron sensor .  It should be kept in mind that the tes t  
data  shown in Figure 5-7 and 5-8 comes from a device designed for  
room temperature  operation and tested a t  elevated tempera ture .  No 
attempt was made  to a l te r  geometry in o rde r  to  optimize the device for 
operation at elevated tempera ture .  
a vortex amplifier geometry m o r e  favorable to  high tempera ture  opera-  
tion would be successful.  Fur thermore ,  it  is believed that compensation 
techniques can be devised which would overcome the effects of t empera -  
tu re  shifts .  
It is  believed that an effort to find 
5.2.2 Supply P r e s s u r e  Sensitivity 
F r o m  equation (5-13), i t  can be seen that the p r e s s u r e  
ratio,  pi/pw, a c r o s s  an  idealized vortex is  a function of the supply to 
control p re s su re  ratio,  ps/pc,  and the p r e s s u r e  rat io  a c r o s s  the outlet 
orifice,  pe/puo If the outlet orifice is  operated a t  p r e s s u r e  rat ios  l e s s  
than the cri t ical  value (approximately 0.528 for  a diatomic gas) ,  the 
outlet p r e s s u r e  rat io  is  effectively the c r i t i ca l  value, no ma t t e r  what 
the actual values of the upstream and downstream p r e s s u r e s .  Hence, 
when pe/pu i s  l e s s  than the cr i t ical  value, the p r e s s u r e  rat io ,  pi/pw 
is essentially a function of p /pc  only, for a given vortex device. 
Also, for a given vortex device, there  will be a consistent relationship 
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between the p r e s s u r e  rat io  pi/pw and the output t o  supply p r e s s u r e  
ratio po/ps .  We can therefore  say that when pe /pu  is l e s s  than the 
cr i t ical  value, po/ps.will  be a function of ps /pc .  
that the p r e s s u r e  gain K 
Then it can be shown 
= A po/A (pc-ps) wil l  be independent of ps. P 
Figure 5-5 shows the p r e s s u r e  amplification charac te r i s t ics  
of a high gain 3-in. diameter  vortex amplif ier .  As can be seen  from 
this  f igure,  at  ps g rea t e r  than 44.7 psia  maximum gain is pract ical ly  
constant. (The difference between the gain of 3600 a t  ps = 44.7 psia  
aid  the gain of 3000 a t  54.7 psis can almost  ent i re ly  be explzined by 
the difficulty of accurately measuring the slope of a s teep line.) 
A s g a n  be seen from Figure  5-8, a 1-in. diameter  low 
gain vortex presSure amplif ier ,  tes ted a t  room tempera ture  over  the 
same range of ps did exhibit a shift in maximum gain with change in ps. 
This has  a l ready been attributed to  a Reynolds number effect. Since, a s  
h a s  a l ready  been mentioned, a 3-in. and a 1-in. vortex amplifier will  
be operating at ve ry  near ly  the s a m e  Reynolds number at  the same value 
of ps, i t  is indicated that the larger amplifier is l e s s  sensit ive to Reynolds 
number shifts. 
It may be concluded that the gains of the l a r g e r  vortex 
ampl i f ie rs  wi l l  be insensit ive to shifts  in supply p r e s s u r e .  The gains 
of the sma l l e r  vortex amplif iers  m a y  be sensit ive to supply p r e s s u r e  
var ia t ions because of the Reynolds number effect. However, i t  may  be 
assumed that system supply p re s su re  will  be regulated in  the neutron 
senso r  application. Thus, the sh i f t s  in ps wil l  be a consequence of the 
inaccuracies  and inconsistencies of the p r e s s u r e  regulators .  
be of a low magnitude and the shifts in  Reynolds number,  and hence 
p r e s s u r e  amplifier gain, will be slight. 
These will  
Although the change i n  vortex amplifier gain with shifts  in 
ps wil l  not be objectipnable, the shift in the value of po with ps may  be 
m o r e  significant. Since a given percentage shift in  ps wil l  cause 
approximately the same percentage shift in  po, the vortex amplifier 
system wil l  be no m o r e  accurate  than i t s  supply p r e s s u r e  regulation. 
Thus,  p rec ise  supply p r e s s u r e  regulation is important i f  the overal l  
sys tem is to be accura te .  
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5 . 2 . 3  Effect of Control Po r t  Area on Vortex 
P r e s s u r e  Amplifier Gain 
The overall  gain of a vortex amplifier m a y  be considered 
to be obtained by cascading three elemental  gains. 
individual gains is that giving the change in  po a s  a function of vw. 
gain, which has been discussed previously, i s  determined by the ampli-  
f ie r  geometry and i s  affected by the physical s ize  of the amplifier and 
by the Reynolds number.  The second of these gains is that which resu l t s  
f rom the relationship between vw and the control momentum wcvc/g.  
This i s  a function of the control port  d iameter ,  D,, and will be discussed 
in this subsection. The third of the cascaded gains is that associated 
with the pickoff and w i l l  be a function of the pickoff geometry.  
The f i r s t  of these 
This 
F r o m  equation (5-6) we can say  that for  an idealized vortex: 
- -  1 1 2 v w  \ - f -  pW (5 -18 )  
pi \ *TI 
In a vortex amplifier, the p r e s s u r e  pw will very  closely approximate 
the vortex amplifier supply p re s su re ,  p s .  It can be assumed that for a 
given vortex amplif ier ,  there  will be a consistent relationship between 
pi and the vortex amplifier output p r e s s u r e ,  poi o r  poe . 
write:  
Then we can 
'oi 
pS 
- -  (5-19) 
Equation (5-19) m a y  be differentiated for constant RT to 
obtain: 
Av 
W 
= 1 2 p  K 
-l/m APoi s v  
(5-20) 
where 
d f  (v / I/-) 
4 w  
K =  
V d ( V  $53 
W 
Figure 5-6 shows that the control flow of a high gain 
p r e s s u r e  amplifier may  be ei ther  grea te r  than o r  l e s s  than the flow 
through the outlet or i f ice .  
We will f i r s t  consider that in which w 
Hence, we must  consider two possibil i t ies.  
> w . 
0 C 
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In this  case,  vw is given by equation (5-1). Equation (5-1) 
a s sumes  that the momentum exchange between the supply flow and the 
control flow is complete. There  is considerable evidence to support 
the statement that the momentum exchange is not complete. However, 
since the final equation for gain w i l l  contain an experimental ly  determined 
value of K,, which will take a l l  irigfficiencies of the vortex amplifier 
into account, no modification of equation (5-1) need be made at  this point. 
In a high gain p r e s s u r e  amplifier, pc-p 
m a y  be computed f rom equation (5-8) with l i t t le  e r r o r  and wc may be 
computed from: 
is much less than p, so that vc 
S 
w = C  A (5-21) 
C dc c RT 
Substitution of equations (5-8)and (5-21) into equation (4- 1) gives: 
2 c  dc A c g (Pc - PSI 
v =  
W 12 (w + w  ) 
S C 
(5-22) 
A relationship defining the outlet flow, wo = wc + w,,must 
now be determined.  F igure  5-9 shows the relationships between wo 
and poi for  vortex p r e s s u r e  amplifiers having var ious gains, and oper-  
ated a t  sufficiently high supply p re s su res  to insure  that the p re s su re  
ra t io  a c r o s s  the outlet orifice i s  l e s s  than the c r i t i ca l  p r e s s u r e  ratio.  
A s  can be seen, the outlet flow is always grea te r  than the flow which 
would be computed using poi a s  the outlet orifice inlet p r e s s u r e  and an 
or i f ice  coefficient determined at the maximum flow point. As gain 
inc reases ,  the sensit ivity of woi to  poi dec reases .  
we can conclude that the relationship between woi and poi will l ie  
between two ext remes .  One of these ex t r emes  wi l l  be that of wo being 
completely insensit ive to p oi' 0 
of poi being the effective inlet p re s su re  for the outlet orifice.  
F rom the figure,  
i .e. ,  w is constant; the other wil l  be that 
In the case  i n  which wo is constant and pe /ps  < 0.528, 
C A C  p 
m 2 d o s  
w =  w + w  = (5-23) 
0 S C 
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Figure  5-9 - Relation Between wo and poi for  Vortex Amplifiers of 
Various Diameters  a t  ps = 44.7 P s i a  
where 
If poi defines the upstream p r e s s u r e  of the outlet orifice and i f  
pe 'poi < 0.528, then: 
C A C  p 
m 2 do oi 
w =  (5-24) .. v= 0 
Neither equation (5-23) o r  (5-24) exactly descr ibes  the t r u e  situation. 
Equation (5-23),  which is based on the assumption of constant outlet 
flow, will be the most  accurate  i n  the c a s e  of a high ga in ,p re s su re  
amplifier.  Equation (5-24) ,  which is based on the assumption that the 
flow through the outlet o r i f ice  is defined by an inlet p r e s s u r e  equal to 
poi, will be the most  accura te  i n  the case  of a low gain p re s su re  amplifier 
The t rue  case will be bracketed by these two equations. 
Substitution of equation (5 - 23) into equation (5 - 22),  and 
differentiating for  constant ps and RT gives: 
1 2 C  C A p 
Av = 
W 
m d o 2 s  
Substitution of equation (5-25) into equation (5-20) gives 
\ ' ' c  A 
'do 2 
(5-25) 
(5-26) 
for  the case  in which wo is constant. 
Substitution of equation (5-24) into equation (5-22), differentiating for 
constant ps and RT, and l inearizing about the quiescent point gives: 
(5-27) I 2 C  A g m  (Pco-Ps) APoi 2 [z - 'oio dc c 1 2 C  C A Av = W m do 2 
Substitution of equation (5-27) into equation (5-20) gives: 
.C C A P  
m do 2 oio - -  APoi - (5-28) 
2 P  K c A f l P c 0 - P  A PC s v d c c  
' +  C m C do A p  2 oio ( poi0 ' )  
for  the case  i n  which poi is the outlet orifice ups t ream p r e s s u r e  and 
where poio and pco a r e  the steady-state values of the p r e s s u r e s .  
Equations (5-26) and (5-28) show that the value of d poi/d p C 
of a vor tex  amplif ier  will be very  near ly  proportional to the ratio 
cdc Ac/Cdo A2. As the p re s su re  gain of the amplif ier  i nc reases ,  the 
proportionali ty between gain and the a r e a  rat io  becomes m o r e  exact. 
Since A2 cannot be changed without altering the geometry a t  the ampli-  
fier, and hence, Kv, the conclusion from equations (5-26) and (5-28) is 
that for  wc < & 
approximately proportional to Cdc A,. 
and for a given Kv and A2, the value of Apoi/Apc is 
0 
F o r  constant ps, Apoi/Apc ZKp.  
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The maximum possible p r e s s u r e  gain for a given chamber 
and pickoff geometry corresponds to the case  in which wo = wc at a point 
of maximum Kvo  For  this case  we can say: 
v = v 
W C 
I 
Substitution of equation (5-8)  into the above equation gives: 
2 g RT 
W 12 (Pc - Ps) (5-29) 
Equation (5-29) m a y  be differentiated a t  constant RT and ps to give: 
Substitution of equation (5-30) into equation (5-20) gives: 
V 
K 
Poi 
PC 1/2 d 
(5-30) 
(5-31) 
This gives the maximum value of d p 
any given values of K 
/d p oi C which can be obtained for  
and pc /ps  V 
5.2.4 Effect of Pickoff 
Two basic  proportional pickoff configurations can be used 
in a vortex p res su re  amplif ier .  
types whose general  geometry is indicated in Figure 5- 1. 
These a r e  the internal and the external  
The internal pickoff can be made  to recover  100 percent  
of supply pressure  at  z e r o  load flow and has  a wide l inear  range of 
operation. Due to  i t s  construction and location, the noise level of the 
internal pickoff is low. 
The best  signal-to-noise ra t io  achieved to date by Bendix 
was obtained with a proportional external pickoff. It was found that the 
high p res su re  gain of the external  pickoff improves the signal-to-noise 
ra t io  of the sensor  beyond the value observed within the vortex chamber 
with internal pickoff. 
flow region of the outlet; f i r s t ,  the continuous s t reamlines  passing through 
the outlet orifice a r e  straightened a s  the s t r eam of flow passes  through 
The improvement is due to changes in the sink 
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the outlet hole which reduces the random fluctuations; and second, the 
increased  gain due to the pickoff reduces the effect of unavoidable noise 
sources .  The high signal gain of the external pickoff is obtained a t  the 
expense of p r e s s u r e  recovery and l inear  range. The external pickoff is 
a l so  somewhat sensit ive to  geometrical inaccuracies  and misalignments . 
The use of an  internal pickoff has  been assumed in  the 
present  analysis .  This  assumption is  conservative and has  been made 
because of the g rea t e r  amount of data available on both the p re s su re  
amplification and fiow character is t ics  of vortex amplif iers  with internal 
pickoffs. 
The higher gains and m o r e  favorable noise character is t ics  
of the external pickoff might lead to  i t s  use i n  the actual neutron sensor 
high gain amplif ier .  
associated with this type pickoff might not be objectionable since 
p r e s s u r e  levels a r e  high and a nonlinear output is des i red  in o rde r  to 
produce a logarithmic output from the sensor .  
o r  prototype neutron sensor  would have provision for  the use of either 
pickoff and that configuration which gave the bes t  overall  performance 
would be used in  the final design. 
The reduced l inearity and p res su re  recovery 
However, any breadboard 
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5.3 LOGARITHMIC OUTPUT AND RANGE CHARACTERISTICS 
5.3.1 Est imate  of Neutron Sensor High Gain Amplifier 
Gains and Flows 
I t  w i l l  be  assumed that the neutron senso r  will u se  a high 
gain vortex amplif ier  having charac te r i s t ics  s i m i l a r  to those of the 3-in. 
vortex amplifier whose tes t  data has been plotted in F igures  5-4, 5-5, 
and 5-6. 
occurs  with room temperature  nitrogen a t  vw = 9 fps. Taking vortex 
amplif ier  performance as  being equivalent a t  equivalent values of 
v w /  4- = M f i  gives the value of vw at maximum gain as v w  = 21 
fps for 200"R hydrogen and v w  = 42 fps for  800"R hydrogen. 
of Kv m a y  be est imated f rom Figure  5-4  as 59. 
Figure 5-4 shows that the maximum gain of this amplif ier  
The value 
It can  be assumed that the high gain vortex amplif ier  used 
in  the neutron sensor  will be constructed with a n  Ac/A2 rat io  which will 
l ie  between two ext remes .  
vortex amplifier whose t e s t  data  is presented i n  this report .  
will be  the Ac/A2 rat io  which gives the highest p r e s s u r e  gain. 
corresponds to  the c a s e  in which all incoming flow passes  through the 
control ports a t  the maximum value of Kv. 
One of these  will be equivalent to  the 3-in. 
The o ther  
This  
If a l l  incoming flow i s  supplied through the control ports ,  
the value of pc - ps requi red  to  obtain the value of vw corresponding to  
the maximum gain may be  computed from equation (5-29).  F o r  vw = 21 
fps in 200"R hydrogen, the calculated p r e s s u r e  d r o p  is 0.0067 psi. The 
s a m e  p res su re  drop  will give a value of vw = 42 fps a t  800"R. 
The maximum gain of a vor tex  amplif ier  operating with 
F o r  sma l l  values of pc - ps, a m o r e  convenient form 
all flow supplied through the control ports may be est imated f rom 
equation (5-31). 
of this equation i s :  
(5-32) 
For  Kv = 59, ps - 150 psia, and pc - ps = 0.0067 psi,equation ( 5 - 3 2 )  gives 
Apoi/Apc = K = 6200 f o r  a constant ps. P 
As previously s ta ted,  the maximum gain of a vor tex  amplif ier  
operating with l e s s  than c r i t i ca l  p r e s s u r e  rat io  a c r o s s  the outlet or i f ice  
will tend to be independent of the supply p re s su re .  A vortex amplif ier  
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proportioned as the 3-in. amplifier whose t e s t  data has  been given in 
this  r epor t  will then have a p res su re  gain of approximately 3000. 
Thus,  we can  estimate that the high gain amplifier used 
i n  the neutron s e n s o r  will have p r e s s u r e  gains in  the range of 3000 to  
6200. 
if not a constant, i nc rease  with p re s su re ,  and s ince  a n  external  pickoff 
would give a higher  gain. 
These  e s t ima tes  a r e  conservative,  s ince  the value of Kv will, 
The flows fo r  a vortex ampl i f ie r  operating at a gain of 
3000 on hydrogen may  be estimated f rom F igure  5-6. 
maximum gain, +,/Go = 0.55. 
at the maximum gain point. Equation (5-8) gives pc - ps = 0.022 psi  
fo r  vw = 21/0.55 = 38 fps, ps = 150 psia and T = 200"R. F o r  A, Cdc = 
0.088 in2, which is the measured  value f o r  the actual amplifier,  this 
p r e s s u r e  d rop  gives GC = 0.033 lb / sec  of hydrogen at 200"R and 0.016 
l b / s e c  of hydrogen a t  800"R. 
l b / s e c  and 0.0029 l b s / s e c  of hydrogen. 
At the point of 
Thus, f rom equation (5-1), vw = 0.55 vc 
The corresponding values of Go a r e  0.006 
Noise levels on the o r d e r  of 1-in. of H 0 = 0.036 ps i  measured  2 
at the output have been achieved in  high gain vortex s e n s o r  applications. 
Dividing 0.036 psi  by 3000 to 6200 indicates a minimum detectable change 
of control  p r e s s u r e  in  the range of 6 x 
that the  minimum detectable value of ion pump output pressure,pp,  is 
10- 
over  t h ree  decades of input range, p 
ps id ; fo r fou rdecades  of input, pp wil? range between and 10-1 psid. 
F o r  the case  in which all incoming vortex amplif ier  flow passes  through 
the control  ports,  for  a three  decade range  of input, wc w i l l  i nc rease  by 
a fac tor  of v (0 .0066  + 0.01)/(0.0066) = 1.59. F o r  the case  i n  which wc 
is approximately 55 percent of wo a t  the maximum gain point, wc will 
i nc rease  by a factor of d(O.022 t 0.1)/(0.022) = 2.35 fo r  four decades 
of inppt. F r o m  F igure  5-6, the  value of 
20 to  30 percent  over  the range of the amplif ier .  
psi. I t  will be a s sumed  
5 psid. Then if the low range amplif ier  of the neutron senso r  operates  
will vary between and 
may be expected to  dec rease  
Table  5-2 summar izes  the r e su l t s  of the es t imates  of the 
flow demands for a high gain vortex ampl i f ie r  i n  the neutron detector  
application. The data  i n  the table bracke ts  the weight flows for  the con- 
templated ex t r emes  of g a i n  and tempera ture .  Negative values of GS in-  
dicate  a r e v e r s e  (away f rom amplifier)  supply flow. 
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Table 5-2 - Es t ima tes  of F l o w  Demands fo r  High Gain 
Amplifier wi th  c d c  A, = 0.088 in2 
rwlvc  
1 
0.55 
1 
0.55 
T "R 
200 
200 
200 
200 
800 
800 
800 
800 
'p psi 
10-5 
10-1 
10-1 
0.0066 
0.0166 
0.022 
0.122 
0.0066 
0.0166 
0.022 
0.122 
w l b / s e c  
0.006 
0.0095 
0.0033 
0.0078 
0.0029 
0.0046 
0.0016 
0.0038 
w l b / s e c  
0 
0.006 
0.0045 
0.0060 
0.00 45 
0.0029 
0.0022 
0.0029 
0.0022 
w I b / s e c  
0 
- 0.005 
0.0027 
0.0035 
0 
- 0.0024 
0.0013 
-0.0022 
5.3.2 Theoretical  Gains Required to Obtain a Logarithmic 
W m
Y 
P 
output 
If the output of the neutron sensor  sys t em is to  be a mathe-  
matically exact logarithm of the neutron flux, the following relationship 
will hold f o r  values of 4 between the minimum and maximum values: 
where 
N = number of decades of neutron flux to be detected = 
log ( 4  /4, ) - dimensionless 
max min  
2 
Differentiation of equation (5-33) gives:  
$J = neutron flux - neutrons/cm s e c  
where 
log (e) = 0.43429 
(5-34) 
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Until suitable experimentation is performed, the exact 
f o r m  of the relationship between the ion pump output pressure ,  p , and 
the neutron flux, +, will not be known. The logarithmic charac te r i s t ic  
must  be obtained through a matching of the nonlinearities of the ion 
pump and the vortex amplifier circuitry.  
ion pump a r e  accurately defined, a n  accurate  prediction of the ability 
of the complete neutron senso r  system to produce a logarithmic output 
can  be performed. In order to perform a prel iminary investigation of 
the ability of a vortex amplifier to produce a logarithmic output, i t  will 
be assumed that the output ion pump is a l inear  function of the neutron 
flux: 
P 
When the nonlinearities of the 
Pp = K. 4) 
1 
Substitution of equation (5- 35) into equation (5-34) gives: 
(5-35) 
Equation (5-36) may be  used to compute the gain required to obtain a 
given range of logarithmic output p r e s s u r e  for a given number of de- 
cades of input p re s su re  s tar t ing at a specific input pressure .  
equation may a l so  be used to compute the range of output p re s su re  for 
a logarithmic output for a givennumber of decades of input s tar t ing 
with a specified p re s su re  gain and input pressure .  
This 
5.3.3 Logarithmic Character is t ics  of High Gain 
Vortex Amplifiers 
Equation (5-36) may be used to es t imate  the range of output 
p re s su res  which can  be obtained f r o m  a logarithmic amplifier having the 
maximum gain charac te r i s t ics  estimated for a 3-in. diameter  vortex 
amplif ier  in-subsection 5.3.1. For K = 6200, N = 3,and p = psi, 
N = 4. and PP = 
P 
psi, (poimax - poimin) = 0.28 psi. 
- I = 0.43 psi from equation (5-36). F o r  Kp = 3000, [poi, ax Poimin P 
The above resul ts  show that ex t remely  high gains are 
required i f  a logarithmic amplifier is to  produce a wide range of output 
p r e s s u r e  for  sma l l  input signal levels. High gain amplifier output 
signal ranges of less than one psi m a y  be sat isfactory i f  the neutron 
sensor  is to  be used purely as instrumentation. However, i f  the neutron 
senso r  is  to  be used to drive some other pneumatic component, a l a r g e r  
5-27 
output pressure  range would be highly des i rab le .  Some deviation f r o m  
the ideal logarithmic cha rac t e r i s t i c s  will have to  be accepted at the low 
input levels i f  an output p r e s s u r e  range above one ps i  is required.  
Figure 5-10 shows the output of the 3-in. vortex amplif ier  
at ps = 44.7 psia f o r  an  assumed bias p r e s s u r e  of 0.0075 psia plotted 
on a Logarithmic sca le .  
p re s su re  approximates a logarithmic function of the input p re s su re .  
However, the gain at  the low ranges of input is too low and the gain at 
the high ranges of input is too high compared with that of a theore t ica l  
logarithmic function covering the whole range.  
AS can  be seen ,  f o r  limited ranges,  the output 
v There  is l i t t le that  can  be done presently about Lac- cr ts i  
the gain a t  the low levels  of input, 
predict gains i n  the range of 3000 to  6200 for  a 3-in. vortex p r e s s u r e  
ampl i f ie r .  This is i n  the range of experimentally demonstrated p r e s s u r e  
gains. Some improvement in gain can be obtained with the external  
pickoff and by increasing the amplifier diameter .  However, the increase  
in gain required h e r e  is a factor  of 10 o r  be t te r ,  and this appears  to be 
beyond the  capabili t ies of the present  s t a t e  of vortex amplif ier  technology 
without going to unreasonably la rge  vortex amplifier diameters .  
Es t imates  made in  subsection 5.3.1 
0.MH)oOl 0.00001 0.0001 0.001 
Pp PSI 
0.01 0.1 
Figure  5 - 1 0  - Logar1thm"c Characterjstncs of a Three Inch Vortex 
Ampl.frer with a 0.0075 PSI Bias P r e s s u r e  
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Figure  5- 11 - Approach to Logarithmic Vortex Amplifier 
On the other  hand, decreasing the gain a t  the higher levels 
of signal input presents  no fundamental difficulty. Figure 5- 11 depicts 
one approach that can be used to achieve this goal. Here  a p re s su re  re- 
gulating amplif ier  is used to maintain the supply pressure ,  ps, of the 
p r i m a r y  amplifier.  With no signal pressure ,  pp9 the p re s su re  regulator 
is s e t  a t  an operating point corresponding to a ve ry  sma l l  p re s su re  re- 
gulator supply flow, ws l .  i s  increased. wc increases  and the pri-  
m a r y  output amplifier supply flow ws decreases .  A s  GS decreases  Ws' 
must  increase.  
is  such  that very sma l l  increases in  ps generate relatively l a rge  in- 
c r e a s e s  in 
ps a r e  required to  generate  a given increase  in ws'. 
p r e s s u r e  regulating amplifier will act as a fixed orifice. 
As p P 
However, the action of the p re s su re  regulating amplifier 
As ps approaches the level of pBl, l a rge r  increases  in 
Once pszpB1, the 
By proper  selection of the values of pB1,  and wsl co r -  
responding to  p 
constant value f%r the lowest ranges of p where a high p r imary  amplifier 
gain is needed. As pp increases  into i ts  Righer ranges,  the ability of the 
p r e s s u r e  regulating amplifier to maintain ps a t  a nearly constant value 
will dec rease .  A s  ps increases ,  poi will increase  in proportion and the 
apparent  effect will be a decrease in the gain of the pr imary  amplifier.  
The end resul t  will be to make  the  saturation curve of the p r imary  
amplifier m o r e  near ly  approximate the logarithm of the input. 
= 0, it  will be possible to maintain ps a t  a v e r y  nearly 
5 - 2 9  
The c i rcu i t  represented in  F igu re  5- 11 is fa i r ly  complex. 
Per formance  depends upon the relat ive magnitudes of a number of v a r i -  
ables.  Evaluation of the degree of accuracy  with which a logarithmic 
output can be approximated would best  be achieved by testing of a bread-  
board circui t .  This  effort  is beyond the scope of the present  project.  
However, some  idea of the accuracy  with which a loga- 
ar i thmic function can  be approximated by the saturat ion curve of a vortex 
p res su re  amplifier can  be derived f r o m  Figure  5- 10. Consider the 
range of input p re s su res  between 0.001 and 0.04 psi. 
viation f r o m  the ideal logarithmic cha rac t e r i s t i c  occurs  a t  an  input 
p re s su re  of approximately 0.0035 psi. The  maximum deviation is 1.2 
psi. Since the output p re s su re  range corresponding to the input range 
of 0.001 to 0.04 psi  is 24  psi, the maximum output deviation is 5 percent. 
This is probably a fair es t imate  of the accuracy  with which the saturat ion 
curve of a vortex amplifier approximates a logarithmic function. The  
data of Figure 5-10 w a s  not taken for  the purpose of obtaining a loga- 
r i thmic output and no attempt was made to  modify the amplifier to im- 
prove its logarithmic cha rac t e r i s t i c s .  
The  maximum de- 
A grea te r  deviation f r o m  the des i red  cha rac t e r i s t i c s  will 
An est imate  
occur  a t  the lowest input levels  where vortex amplif ier  gains will not 
be high enough t o  maintain the logarithmic cha rac t e r i s t i c .  
of the magnitude of this deviation can be made by assuming that the 
vortex amplifier is l inear  over  the lowest decade of input. 
F r o m  equation (5-36) the theoret ical  gain of a logarithm 
amplifier in  psildecade is 
m in - pP KP 
- 'oi 
KL N 0.434 
max 
'oi 
- -  - (5-37 
P' 
If the device is to be l i nea r  over the lowest decade and 
where K is the p re s su re  gain corresponding to a given value of p P 
logarithmic over all other decades,  K m a y  be computed from: L 
10  13 K 
'm in 'm ax 
K =  
L 0.434 
P' 
s ince K = K over  the lowest decade of p 
p Pmax 
(5-38) 
C 
If the amplifier is linear over its lowest decade of input, 
the output p r e s s u r e  change over this input range will be 
= K  (10 p - P  ) = 9 K  p ( 5 - 3 9 )  
'max 'm in 'm in 'max 'min 
The p r e s s u r e  e r r o r  at the lowest value of p will then be: 
P 
Error  = K - A p L  L (5-40) 
and the e r r o r  expressed as a percent or ' the total theoretical  i=ange wil l  
be 
(5-41) E r r o r  Percent  E r r o r  = -x 100 
NKL 
Substitution of equations (5-38) through (5-40) into equation (5-41) gives: 
61 
Percent E r r o r  = - 
N 
(5-42) 
Equation (5-42) is a perfectly general  expression which gives the maxi- 
mum deviation (expressed as a percentage of the theoretical  range) f rom 
the theoret ical  logarithmic character is t ic  for  a n  amplifying device which 
is l inear  over the lowest decade of input, and logarithmic over a l l  others. 
The operation of the amplif ier  on a l inear  part  of i ts  operating 
curve  at the low input signal levels has an  advantage in addition to  the 
inc rease  i n  the output range. Noise in a nonlinear amplifier will cause 
an apparent null shift because of the fact  that noise pulses on one s ide of 
the signal a r e  amplified m o r e  than those on the other. Since noise level 
is variable,  the effect is that of a var iable  null. 
a s  the signal-to-noise ra t io  decreases  and as the amplifier becomes m o r e  
nonlinear. 
a t  the lowest signal levels  will minimize this effect. 
This effect is aggravated 
Hence, operating the amplifier on a l inear  portion of i ts  curve  
Figure 5-12 is a sketch summarizing the est imates  of the 
accuracy  with which a vortex amplifier can  approximate a logarithmic 
function for the neutron senso r  application (a c loser  approximation is 
possible in an  application involving high level input signals). 
the probable e r r o r  of 5 percent o v e r  the region where the vortex ampli- 
fier is operated on i ts  saturation curve  with the maximum e r r o r  occurr ing 
at  the minimum input which is a consequence of operating the amplifier 
on the l inear  par t  of its operating curve.  
This shows 
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Figure 5- 12 - Approximation of Logarithmic Function 
5 - 4  DYNAMIC RESPONSE CHARACTERISTICS 
5.4.1 Est imate  of High Gain Vortex Amplifier Dynamics 
The dynamic performance of any pneumatic device depends 
upon the length of t ime required for  energy s torage  elements  to  change 
the i r  energy leve l  and upon t ranspor t  delays involving propagation of 
p r e s s u r e  and flow. 
aspect  involves the change in  accumulated mass within the chamber  as 
the p re s su re  profile of the vortex changes. 
countered in that a s t e p  change in  control  output couples in  a tangential 
velocity a t  a s t r e a m  tube adjacent to  the input and t ime is required f o r  
this effect to propagate through the vortex chamber;  
a d i sc re t e  t ime is required fo r  the velocity profile to  r each  a new 
equilibrium . 
In the c a s e  of the  vortex amplifier,  the  energy s torage  
Transpor t  delay is en- 
in other words,  
It is conservative t o  say  that the t ranspor t  delay is s imply 
the filling t ime of the vortex chamber  o r  that  t ime required t o  completely 
exchange the fluid in the chamber  with new fluid. This is: 
h =  & RT 
00 
(5-43) 
5-  32 
where 
rrD 21 
1 
4 
h = t ranspor t  delay - sec 
V = vortex chamber  volume 3 - in 
W = quiescent flow f rom vortex chamber outlet - l b / sec  
00 
pv = average p res su re  in vortex chamber - psia 
Precise evaluation of the average chamber  pressure ,  pv, requires  in- 
s u r e  profile is not accurately known. Quite obviously it w i l l  be con- 
serva t ive  to assume that pv = ps. Thus we can  say: 
L -  egration sf the pressizre profile aci'oss the vortex chamber. This pres-  
- vpS 
max & RT h 
00 
(5-44) 
In the usual vortex amplif ier ,  I is equal to  o r  grea te r  than 
the diameter  of the outlet hole, D2. This insures  that the major  r e -  
s t r ic t ion to  & is the outlet orifice a r e a  ~rD2 /4 ra ther  than the cylindri- 
c a l  area nD21. Thus, the chamber volume, V, may be reduced as the 
value of Go, and hence the required value of D2, decreases .  
2 
0 
F r o m  Table 5-2, the minimum value of Go for  T = 2OO"R 
3000) is 0.0045 lb/sec.  The outlet or i f ice  dia- (corresponding to K 
m e t e r  corresponding to this value of Go is roughly 0.09 in. 
volume, V, for I = D2 is then 0.64 in3. 
sec .  
P The chamber  
Substituting these values with 
ps = 150 psia and R = 9250 in/"R into equation (5-44) gives hmax = 0.012 
The energy storage aspect  of the vortex chamber is simply 
the t ime required f o r  sufficient m a s s  to  flow from o r  into the chamber  
to  permit  establishment of a new p r e s s u r e  profile ac ross  the chamber.  
It can be assumed that changes in the control input generate a weight 
flow immediately after the t ransport  delay. This,  again, is a conserva- 
t ive assumption. The accumulation o r  loss  of m a s s  in the vortex chamber  
can  then be described by: 
V V dP - = w  - w  
k R T  dt W 0 
(5-45) 
5- 33 
where 
& = flow entering vortex chamber  at outer radius - l b / s e c  
W 
t = t ime-sec  
A relationship is now needed between pv and Go. A clue t o  this r e -  
lationship is offered by Figure  5-9 which shows a n  a lmost  perfectly 
l i nea r  relationship between poi and Go of the form: 
w = W + k p  
0 0 o oi  
(5-46) 
where  
W = outlet flow intercept  - l b / s e c  
k = outlet flow slope - i n  / s e c  2 
0 
0 
Differentiating equations (5-45) and (5-46) ,  l inear iz ing]  and taking 
Laplace t ransforms gives:  
V s A  p 
k R T  W 0 
V 
= Aw - A& 
AW = ko Apoi 
0 
Makilig the conservative assumption that pv = po and combining 
equations ( 5 - 4  ) and (5-48) gives:  
0 
A 1 /k  
AW 
- - -  
v s  T 1 W 
k k R T  
0 
This  is of the form: 
A 
K . 
where  T = the vortex chamber  t ime constant given by: 
V 
k k R T  
T =  
0 
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(5-47) 
(5-48) 
(5-49) 
(5-50) 
(5-51) 
1 
I 
I 
F r o m  Figure 5-9. it can be ascertained that ko for the 3-in. high gain 
amplif ier  is: 
0.3 & 
'0 i 
k =  m a x  (5-5 2) 
0 
m ax 
Substituting equation (5-52) into equation (5-51) gives: 
v Poi 
T =  m ax (5-5 3) 
0 . 3  & k R T  
m ax 
0 
F r o m  Table 5-2, & 
value with k = 1.4, p 
equation (5-53) gives T = 0.021 sec. 
= 0.006 l b / s e c  for  T = 200"R. Substituting th i s  
Om a x  
r 150 psia,  and R - 9250 lbm-in/"R lbf into oimax 
Experimental  measurements  of the dynamic response of a 
vortex amplifier indicate that the est imate  of the value of T given by 
equation (5-53) will be quite accurate.  
that  the value of h given by equation (5-44) will be  considerably l a r g e r  
than the t rue  value. 
t h r e e  t imes l a r g e r  than measured values. 
The  same measurement  indicates 
In one specific case, calculated values of h were  
It is des i red  that the neutron sensor  have a t ime constant 
of 0.02 s e c  which gives a total  time of 0.06 s e c  to  reach  95 percent of 
the output change corresponding to  a given input s t e p  change. 
a single o r d e r  lag and a transport  delay are  present ,  the t ime to reach  
95 percent of the final output change in  response to a s t e p  change in in- 
put is given by: 
If both 
t = h + 3 T  (5-54) 
R 
where 
t = response t ime - s e c  
R 
The values of hmax and T j u s t  estimated give tR = 0.012 t 3 (0.021) = 
0 . 0 7 5  sec,which is g r e a t e r  than the des i red  0.060 sec .  
The re  a r e  a number of ways in which one might attempt 
to improve the dynamic response of a vortex amplifier.  
c a n  dec rease  V and poi o r  w e  can increase  Go. 
creas ing  D1 alone implies a decrease  in gain since the r a t io s  D2/DI and 
Basically, we 
A dec rease  in V by de- 
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Doi/D1 a r e  decreased.  A dec rease  in D1 accompanied by a corresponding 
reduction in D2 gives no advantage, s ince  V and w change proportionately. 
Too g rea t  a dec rease  in 1 will haLe a des t ruc t ive  effect on amplification. 
Attempting to  increase response by reducing poi implies a reduction in 
the general  p re s su re  level  of the neutron senso r  system. 
duction cannot be made  without reducing & unless  the d iameter  D2 is 
increased.  Thus,  as might 
be expected, high gain and f a s t  response a r e  somewhat conflicting r e -  
quirements.  
f a s t  response while maintaining high gain is  to operate  the vortex ampl i f ie r  
a t  as  high a ra t io  <vc/<vo as  i s  possible while increasing the a r e a  A2 to  
get the des i red  response.  
partially made up by the inc rease  in control  port  gain. 
0 
Such a r e -  
0 
Again, this has a n  adverse  effect on gain. 
One approach that can be taken to the problem of obtaining 
The losses  in chamber  gain can  be a t  least  
It has  a l ready  been indicated that the e s t ima te  of t ranspor t  
delay based on equation (5-44)  i s  undoubtedly significantly pess imis t ic .  
In one specific case ,  the estin-ate f rom the equation was th ree  t imes too 
large.  
es t imated f rom equation (5 -44)  for  T = 200"R, and r e t a in  the est imated 
value of T = 0.021 s e c ,  equation (5-54) gives tR = 0 . 0 6 7  sec .  
slight improvements in es t imated response a r e  required to obtain values 
l e s s  than 0.06 sec.  Thus,  we conclude that the des i r ed  dynamic response 
can be obtained in a single high gain vortex amplifier with a p re s su re  
gain of approximately 3000. 
If we take hmax = 0.004 s e c ,  which i s  one th i rd  of the value 
Only 
It should be noted that any problems with dynamic response 
will be  most c r i t i ca l  a t  the lowest tempera tures .  
proportional t o f l w h i l e  tR is inversely proportional to T for  a given 
\.to, the net effect is that  tR is  inversely proportional t o f i .  
i nc rease  in tempera ture  f rom Z O O O R  t o  800"R will cut dynamic response 
t ime in half. 
Since ivo is inversely 
Thus,  the 
5.4.2 Es t imate  of Dynamics Downstream of High Gain 
Vortex Amplifier 
If the ion pump output p re s su re  is  a perfectly l inear  function 
of the neutron flux, a t  l ea s t  two p r imary  vortex ampl i f ie rs  will be  needed 
to  cover  the detectable  neutron flux range. The outputs of these  p r imary  
ampl i f i e r s  must  be added to  obtain a s ingle  output which will be a 
function of the neutron flux. 
d iameter  vortex ampl i f ie r  which will have dynamic response  charac-  
t e r i s t i c s  which mus t  be  considered as par t  of the dynamic response  of 
The  addition can  be performed with a 1-in. 
the  overal l  neutron sensor  system. Fur thermore ,  a n  interconnecting 
channel between the output of the high gain amplifier and the input of the 
adding amplif ier  m a y  have significant dynamics. A schematic of two 
cascaded vortex amplif iers  and a block diagram indicating the notation 
for the dynamics is shown in Figure 5-13. 
If the internal pickoff is Used, the pickoff diameter ,  Doi, 
will be quite small. The adding amplifier will be immediately adjacent 
to the pr imary  amplifier.  
wil? be  quite srr.211. I= viev? of these facts: l i t t le e r r o r  is i n t ~ ~ d 1 . 1 ~ 4  by 
t reat ing the dynamics of the connecting channel on the basis of a lumped 
res is tanc e- capacitanc e circuit .  
Thus, the length of the connecting channel 
We can  wri te  the following equation for  the connecting 
channel: 
VENT 
L. w = w  -I-- 
01 c3  d t  
(5-55)  
PRIMARY 
AMPLIFIER 
VENT 
ADDING 
AMPLlFl LR 
PRIMARY 
AMPLIFIER 
M A H I E L  ADDING AMPLIFIER 
Figure  5- 13 - Cascaded Vortex Amplifiers 
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where 
W flow through output p re s su re  t ap  of p r imary  
amplif ier  - l b / sec  01 
W = control flow into adding amplifier l b / sec  
c3  
2 
d w  
-= accumulation of gas within channel - l b / s e c  
d t  
If we assume that the p re s su re  in the channel is l e s s  than 0.528 po, we 
can wri te  
A ( k t  1 ) /2(k  - 1) 
- - (5-56) dol  0 1  
C 
W 
o1 qE-7 
Also:  
pc3 (5-57) 
d w  
2 . -  - -  
d t  k R T d t  
The flow W c 3  will be given by a n  appropriate  form of the 
Using ei ther  compressible flow equation o r  a suitable approximation. 
the incompressible flow o r  the Fliegner equation, we obtain 
W 
c 30 - 
A pc3 c3  2(Pc30 - Ps3) 
A &  - 
(5-58) 
In equation (5-58), the ze ro  subscr ipts  indicate the quiescent values of 
the variables. 
Differentiation of equations (5-56) and (5-57), l inearizing, 
and taking Laplace t ransforms gives: 
W 
- 0 1 0  A - -  
Po I 
A& 
10 
01 
V S A P  
C c 3  
k R T  
S A W  = 
2 
(5-59) 
(5 -60)  
Substitution of equations (5-58), (5-59), and 
gives:  
pc 3 
W W A 
010 - c30 - A  
2(pc30 - ' s 3 )  pol - 
s ince  w = w  
010 c 30 
or :  
and 
f r o m  which: 
5-60) into equation 
V S A P  
C c 3  
k R T  
t 
s +  1 
k R T &  
010 
k R T  
T =  
2 W 
010 
K2 vc polo 
T =  
2 k R T &  
010 
5-55) 
(5-61) 
(5-623 
(5-63) 
(5-64) 
(5-65) 
Substitution of equation (5-56) into equation (5-65) 
gives:  
K V  (k+ 1) / 2( k- 1 ) 
T =  2 c  (Y) (5-66) 
2 'do A031 
= 3.1 x in2. We c a n  a s s u m e  that the inter-  
e no longer than 2-in. and will have a diameter  
3 
.91 t3 
F o r  D = 0.02 in., A 
connecting channel wi  
no g r e a t e r  than 0.1 in. 
of these values, with k = 1.4, Cd3 = 0.6, g = 386 in/sec2,  R - 9250 in-lbm/ 
lbfoR, and T = 2OO"R into equation (5-66) gives 
0 3  
F o r  these dimensions, Vc = 0.016 in . Substitution 
T = 0.0032 K (5-67) 
2 2 
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As can  be seen  by equation (5-631, K2 must ,  by its very  nature,  be l e s s  
than 1. 
of the pr imary amplifier and the adding amplifier.  
match will depend upon the type of load which the  neutron senso r  is t o  
drive.  
detailed task which is beyond the scope of the present  feasibil i ty study. 
However, we can  make a n  o r d e r  of magnitude es t imate  of K2. 
The exact value of K2 will depend upon the relat ive impendances 
The type of impedance 
Proper  matching of the impedances of t he  two amplif iers  is a 
A fa i r ly  low gain 1-in. vortex p r e s s u r e  amplifier will have 
a maximum gain at a value of pc3 - ps3 no g rea t e r  than 5 psid a t  values 
of ps3 F o r  this  value of pc3 - ps3 and  pol = 150 psia,  equation 
(5-63) gives K2 = 0.067 which f r o m  equation (5-67) gives ~2 = 0.0002 sec .  
As the gain of the  adding amplifier i nc reases ,  the value of pc3 - ps3 must  
come down, Thus, we c a n  conclude that  i f  the adding amplifier is a p re s -  
s u r e  amplifier, T2 will be  small enough to  be neglected providing that 
the channel dimensions a r e  no g r e a t e r  than those a s sumed  he re .  
50 psia.  
If the neutron senso r  d r ives  a load which requi res  a flow 
input, ra ther  than a p r e s s u r e  input, the adding amplifier will be a flow 
amplifier r a t h e r  than a p re s su re  amplifier.  
the  value of pc3 - ps3 will be g r e a t e r  than 5 psid,  
with K2 > 0.5 do not appear  to  be likely, s o  that ~2 will never be g r e a t e r  
than 0.0016 sec .  
Under these circumstances,  
However, sys t ems  
The  dynamics of the l - i no  adding amplif ier  will be descr ibed  
by equations in the fo rm of (5-44) and (5-53)"  
be expected to have a d iameter  of 0.020 to  0.050 in, where the s m a l l e r  
dimension would be typical of a higher gain p r e s s u r e  amplif ier  and the 
l a r g e r  dimension would be typical of a lower gain p r e s s u r e  amplifier.  
The dimension, I, will  not be l e s s  than 0,05 in. as a prac t ica l  m a t t e r .  
Thus V will  be 0.039 in . We may  a s s u m e  that the supply p r e s s u r e  of 
the adding amplif ier  will be 50 psia. 
that  
The  outlet or i f ice  m a y  
3 
F r o m  F igure  5-9, we can  est imate  
W 
0 
m ax 
k = 0.7 
0 
(5-68) 
m ax 
for  a 1-in. vortex amplifier.  We can  es t imate  that & = l b / s e c  
if D2 = 0.02 in. and that w 
Using these values and the values of the other  pa rame te r s  corresponding 
to T = 200"R gives a range of 53 of 0.0017 to  0.011 sec .  
Omax 
= 6.25 x l b s / s e c  if D2 = 0.05 in. 
Omax 
The values of 
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hmax will be somewhat l e s s .  
1-in. diameter  p re s su re  amplifier with fairly high gain; the lower value 
of T~ corresponds to  a low gain amplifier. 
The higher value of T~ corresponds to  a 
We can conclude that any attempt to boost the overal l  sys tem 
gain with the adding amplifier will have a significant effect on the r e -  
sponse of the sys tem and should probably be avoided. The matching 
of the two vortex amplif iers  t o  obtain the optimum gain and response 
requi res  more  definition of the load that the neutron sensor  will dr ive 
&l---. L l l a l l  is preszi~tly availab?e. 
The effect of vortex amplif ier  dynamics on neutron sensor  
response will be discussed further i n  Section 6.3. 
5.5 NOISE CHARACTERISTICS 
Noise is a factor which cannot be ignored i n  any application which 
involves the use  of high gain pneumatic amplifiers working on low level 
signals. Noise is a highly complex phenomenon and an  independent noise 
study requires  a n  extensive undertaking which to  a l a rge  extent must  be 
based on experiment. Such a task cannot be performed for a project of 
the scope of this feasibility study. 
portant factor in the evaluation of the feasibility of a high gain pneumatic 
device, the resu l t s  of other w o r k  on high gain pneumatic s enso r s  and 
amplif iers  must  be examined in order  t o  determine the probable relation- 
sh ip  between noise and the present application. 
Nonetheless, since noise is a n  im- 
Noise in a vortex amplifier can generally be t r aced  to turbulence 
and any s teps  taken to reduce turbulence in the amplifier will generally 
reduce noise. The s teps  that c a n  b e  taken include reduction of surface 
roughness, improvement of the efficiency and smoothness of mixing 
processes ,  design of entry ports to insure smooth injection of incoming 
fluids, and elimination of abrupt turns.  Amplifier noise may be a l so  
reduced by minimizing the total  flow through the chamber .  Total  flow 
may be  reduced by reducing the s ize  of the outlettorifice o r  by reducing 
the pressure .  
Some idea of the frequency distribution of vortex amplifier noise 
may be gained by passing the waveform through f i l ters  with various t ime 
constants. 
exists a t  frequencies above 5 cps. 
Typical resu l t s  show that 60 percent of the noise amplitude 
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Vortex amplif ier  noise originates in either the chamber  o r  the 
pickoff. Use of hot wire  anemometer  probes in vortex chambers  has  
indicated that much of the turbulence i n  the chamber  a r i s e s  a t  the edge 
of the button where the re  is a change in flow direction f rom axial to  
radial. 
center  of the chamber  is approached. 
the turbulence and separat ion at the edge of the button markedly. Other  
sources  of chamber turbulence a r i s e  f r o m  the manner in which the fluid 
s t r e a m s  enter the chamber  and mix to  f o r m  the overal l  velocity field. 
Careful design and manufacture of inlet ports is of ex t reme importance 
here.  
There  is a distinct reduction i n  turbulence intensity as the 
A swirling component reduces 
The consideration of noise within the pickoff is most  complex in 
nature. 
exit makes a mathematical  approach to  pickoff noise impossible. 
the other  hand, accura te  velocity measurements  a r e  impract ical ,  because 
even the smal le r  hot wire  probes a r e  very  l a rge  in comparison with the 
typical outlet hole. Investigation of pickoffs must  mainly be concerned 
with evaluation of various pickoff geometr ies .  In addition, well defined 
noise generating mechanisms within the pickoff such as edgetones, jet 
instability, and attachment phenomena can be investigated and eliminated 
o r  reduced by using smooth t ransi t ion boundaries in the pickoff zone. 
The complexity of the three-dimensional flow issuing f rom the 
On 
In addition to  the efforts which can be made to improve the noise 
character is t ics  of a vortex amplif ier  through careful  internal design 
and fabrication techniques, there  a re  seve ra l  approaches to  noise re-  
duction which can be made through changes in external  c i rcui t ry .  One 
of the most obvious of these is to  f i l t e r  out the noise. Unfortunately, a 
high percentage of the noise is a t  such a low frequency that any filtering 
sufficient to significantly reduce the noise level  reduces the sys t em 
response to undesirable levels. 
techniques a s  cancellation. 
in a push-pull configuration. 
cancelled because the outputs of the two units a r e  connected i n  opposition, 
Thus, any change i n  supply control o r  vent p re s su re  will provide an  equal 
shift i n  output of each of the two senso r s  and the variations will subtract .  
Application of this technique to the neutron senso r  would be made difficult 
because of the logarithmic output requi-rement. 
Other c i rcui t  approaches involve such  
All systematic  disturbances a r e  effectively 
Here  two identical amplif iers  a r e  connected 
The Lowest noise levels which have been obtained with vortex de- 
vices a t  Bendix have been on the o r d e r  of an inch of water  (0.036 psi) 
measured  at the output. These  were  obtained with a 3-in. d iameter  
~ 
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I. 
vortex amplifier having an  external pickoff which was used i n  a high gain 
senso r  application involving input signals of a low o rde r  of magnitude. 
I t  should be noted that in this unit all flow entering the vortex chamber 
passed through a porous element. As a resul t ,  the incoming flow was 
distributed around the circumference of the amplifier in an extremely 
uniform manner and undoubtedly entered with a minimum of turbulence. 
Achievement of this low noise l e v e l  was not accomplished without significant 
effort to  remove geometr ical  imperfections and misalignments. Careful 
adjustment of the circui t  t o  achieve optimum operating conditions was 
a l so  required.  
It has  been assumed that this noise level can be achieved i n  the 
This assumption is based on a general  s imi la r i ty  of neutron sensor .  
the two applications and presumes that the neutron sensor  amplifier can 
have a physical configuration s imilar  to  the porous element amplifier. 
Although porous elements,  as such, may not be suited for use  in the 
neutron sensor ,  a n  approach to  a porous element may be made by using 
a multiplicity of carefully shaped control ports and inlet straightening 
vanes. C a r e  must  be taken to  insure that those precautions do not make 
the device ra te  sensitive. It will be of the utmost importance to  insure 
that the incoming flow enters  the amplifier with a minimum of turbulence. 
Intensive effort is underway to  isolate causes  of vortex amplifier 
noise and to discover means of eliminating o r  reducing noise. 
achievable noise level should tend to decrease  in the future. 
Thus, the 
It should be noted that most work on the study of noise and noise 
reduction has involved the use  of air o r  nitrogen as the working fluid. 
T h e r e  is l i t t le o r  no information available on the effects on noise r e -  
sulting from the use  of hydrogen working fluid. However, as was in- 
dicated in Section 5.2.1, the neutron senso r  will operate  at very  much 
the s a m e  Reynolds numbers as a vortex amplifier operating on 30 psig 
room tempera ture  air o r  nitrogen. 
should be equivalent. 
Thus, turbulence charac te r i s t ics  
Another potentially serious problem, which has a l ready been 
discussed in Section 5.3.3, and which will require  fur ther  investigation, 
is the null shift caused by the nonlinear amplification of noise. 
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Another effect, related to  the noise problem, is  that of the shock 
and vibration sensitivity of vortex ampl i f ie r  sys tems.  
elimination of any potential shock and vibration problems is one of 
design; the neutron detector system, including supply l ines  and other 
connections to and f r o m  the rocket vehicle, mus t  not have resonances 
too close to  the range of frequencies to  which it will be exposed in 
service,  However, if neutron sensor  components a r e  unduly sensit ive 
to shock and vibration, design of an isolated sys t em will be difficult. 
At this  writing, the shock and vibration sensit ivity of vortex amplif iers  
is undefined; t he re  does not s e e m  to be grea t  cause fo r  concern,  but 
there  i s  a lack of experimental  evidence in this  a r e a .  
To an extent, 
SECTION 6 
SENSOR SYSTEM ANALYSIS 
6.1 DESCRIPTION O F  SYSTEM 
6.1.1 EFD P ~ m p  
The pump that the study indicates is most  feasible is 
i l lustrated i n  F igure  6- 1. 
the outer  w a l l  and moderator  and beryll ium oxide for  the insulating 
members .  The ribbons used in  the gr id  s t ruc ture  may  be any metal  
that  can  be spot welded to the beryllium and that is compatible with the 
high p r e s s u r e  hydrogen at 350°F. One c m  is suggested as the pump 
inside diameter .  
The s t ructural  mater ia l s  a r e  beryllium fo r  
OUTLET 
COLLECTOR 
NEU'TRON 
CONVERSIOW CHAMBER INLET ION COLLECTOR 
Figure  6 - 1  - Ion Pump Perspec t ive  
PW36 
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Ribbon shaped gr id  m e m b e r s  0.001 in. thick and 0.020 apa r t  
a r e  proposed to  provide isolation between the e lec t r ica l  fields of the 
four pump sections. 
The inlet to and outlet f rom the pumps a r e  identical honey- 
comb o r  stacked-tube flow straighteners .  
straighteners i s  to  collect f r e e  charge c a r r i e r s .  
this is not cri t ical .  
that charge collection is a problem to be solved. 
The pr imary  purpose of the 
Experiment may  prove 
However, l ack  of knowledge leads one to anticipate 
Trie two pumps a r e  shown with four  sections each. The inlet 
straightener reduces turbulence and provides gas containing a minimum 
of gamma-ray ionization. 
boron lined chamber.  
adds a positive differential p re s su re  in the direction of flow. 
of the space charge a s  possible is collected in the middle honeycomb 
section. 
and w i l l  pump on the gamma-ray  ionization density and thereby compen- 
sa t e  for  a t  least  90 percent of the gamma-induced ionization. 
The gas is  then ionized by neutrons in the 
The gamma-rays  a l so  ionize it. The f i r s t  pump 
As much 
The  second pump is polarized to pump against the m e a n  flow 
Balancing for maximum range of gamma-ray  compensation 
can  be accomplished by voltage variation of the outlet ion collector.  
range will be l imited by the nonlinearity of the sensor  response.  Any 
additional compensation required w i l l  be accomplished by appropriate  
gamma-ray  shielding, a s  described in Section 6.2.1. 
The 
6.1.2 Vortex Amplifiers 
Figure 6-2  shows a schematic of the pneumatic c i rcu i t ry  
of the neutron detector. 
ponents is indicated. 
components. The actual number will depend upon the ability of the 
combination of the E F D  ion pump and vortex amplifier to produce a 
logarithmic function for a given number of decades of input and a l so  
upon the type of load supplied by the neutron sensor .  
conditions, the neutron sensor  could consist  of the ion pump and a 
single high gain vortex amplifier.  
A sys tem with the maximum number of com- 
An actual sys tem might have a l e s s e r  number of 
Under the proper 
The schematic shows a single ion pump driving both the low 
flux range and the high flux range amplif iers .  This is feasible because 
of the fact  that, if the ion pump were  perfectly l inear,  a maximum gain 
of 3 for  the low gain vortex amplif ier  would be required.  
much higher than this a r e  easily obtained, the ion pump and its supply 
orifice may be operated near  saturat ion in the input range of the low gain 
amplifier.  
Since gains 
6 -2 
SUMMING AMPLIFIER L 
OllTPllT VFUT 
LOW FLUX 
OUTPUT 
VENT 
HIGH GAIN 
A Y D I  IFlED 
'I' 
SUPPLY 
HIGH FLUX OUTPUT 
&* VENT 
.IFIER 
P-2936 
Figure  6-2  - Pneumatic Neutron Flux Detector Schematic 
The high gain amplifier will have a vortex diameter no 
g rea t e r  than three  inches while the low gain amplifier w i l l  have a vortex 
diameter  no grea te r  than one inch. 
to have a maximum gain of approximately 3000, 
over  four decades of input. 
a t  l ea s t  two decades of input. 
vortex amplif ier  gains to give a near-logarithmic output would be as 
shown in Table 6-1. In o rde r  to  achieve the full range indicated, the 
high gain vortex amplifier will be essentially l inear  over  at l ea s t  its 
f i r s t  decade of input. 
If the three-inch amplifier is  designed 
it may  be operated 
The low gain amplifier may  be operated over 
If the ion pump were  perfectly l inear,  the 
The schematic of Figure 6-2 provides for  the use of by-pass -. 
p r e s s u r e  regulating amplif iers .  
flow as the control flow of the pressure  amplif iers  increases .  
m a y  be used to  help shape the f ina l  output into the des i red  logarithmic 
function through proper  selection of the initial operating points. 
amplif iers  would be in  the 1- to  2-inch d iameter  range. 
These a r e  used to  remove excess  supply 
They a l so  
These 
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Table 6-1 ' -  Desired Vortex Amplifier Gains f o r  Linear Ion Pump 
Range of 
P r e s s u r e  Gains 
Decade Amplifier 
1 3000 - 3000 3 inch 
2 3000 - 300 3 inch 
3 300 - 30 3 inch 
4 30 - 3 3 inch 
5 3 - 0.3 1 inch 
6 0.3 - 0.03 1 inch 
The  outputs of the two p r imary  amplif iers  w i l l  be summed 
in a one-inch vortex amplifier.  This amplif ier  will a l s o  s e r v e  the pur- 
pose of impedance matching between the p r imary  amplif iers  and the load. 
Even if  the  nonlinear cha rac t e r i s t i c s  of the  ion pump permitted the use  
of only one pr imary  amplifier,  an  impedance matching amplifier would 
be required i f  the neutron sensor  is required to dr ive  a load having 
s ingificant flow demand. 
The tempera tures  to which the neutron sensor  will be ex- 
posed a r e  moderate. 
well within the range a t  which various aluminum alloys have useful 
strength.  
to-rupture  values of 27000 psi  a f te r  100 hours  exposure to  tempera tures  
of 400°F. 
2618-T61. 
s u r e ,  wall thickness must  be reduced to 0.014 inch before a s t r e s s  of 
27000 ps i  is reached. Thus it can  be concluded that aluminum is suf- 
ficiently strong fo r  this  application. 
geous f rom the point of light weight and low gamma heating. 
The maximum tempera ture  of 800"R (340°F) is 
There a r e  a number of aluminum alloys which have s t r e s s -  
These include alloys 2020-T6, 2024-T81, 2219-T81, and 
F o r  a 5-inch diameter  cylinder with 150 psig internal  pres -  
Use of aluminum is a l so  advanta- 
6.1.3 Complete System 
The  vortex amplifier c i r cu i t ry  may  be visualized as con- 
sist ing of a manifold, which would compr ise  a block o r  plate to  which 
the various vortex amplif iers  would be fastened. 
between the vortex amplif iers  would be dr i l led  channels through the 
manifold. The ion pump can  connect d i rec t ly  into the high gain am- 
plifier in order  t o  obtain as  close a coupling as possible.  
gain amplif ier  w a s  to be dr iven off the ion pump also,  its input could 
be drawn off the supply annulus of the high gain amplifier.  
The fluid connections 
If a low 
Figure  6 - 3  
OFF 
P-2936 
Figure 6 - 3  - Ion Pump-Vortex Amplifier Assembly 
i l lustrates  the connection between the ion pump and the high gain ampli-  
f i e r  and a l so  indicates the constructional features  of a vortex amplifier. 
The overall  arrangement  of the system, specifically indi- 
cating the relationship between the shield, modera tor ,  ion pump, and 
vortex amplifier sys t empi s  shown in F igure  6-4. 
in  the shape of the frustum of a cone which has a sol id  angle which pre- 
vents the ion pump from "seeing" all of the gamma flux. The moder-  
a tor  sur rounds  the ion pump in all directions except a t  the ends. The 
vortex amplifier sys t em is not symmetr ica l  with the ion pump and the 
shield, and some awkwardness in applying moderator  around this part 
of the sys t em resul ts .  If par ts  of the vortex amplifier sys tem can be 
made of beryllium, a cleaner design will be possible. It can be ques- 
The shield is of lead 
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Figure  6 - 4  - Shield and Moderator Schematic 
tioned whether it is practical  to make  the vortex amplif iers  entirely 
out of beryllium, but it is likely that the manifold and some 0; the other 
s t ruc ture  within the vortex amplifier sys t em can be fabricated f rom 
this mater ia l .  
the vortex amplifier sys tem considerably. 
This will ea se  problems in  applying moderator  around 
The exhaust f rom the vortex amplif ier  sys tem w i l l  be 
passed around the moderator  and shield for  purposes of cooling. 
modera tor  and shield should be mounted in a manner  that thermally 
isolates them as completely a s  possible f rom the ion pump and the 
vortex amplifier module. 
The 
The shield w i l l  be 2.5 in. thick. The diameter  of the mod- 
e ra to r  on the surface facing the reac tor  will be approximately 7 inches. 
The outside diameter  of the la rges t  vortex amplifier will be approximately 
5 inches. 
6.2 NUCLEAR STUDIES 
6.2.1 Gamma Shielding 
The cr i ter ion for whether gamma shielding is required and 
the amount that will s e r v e  a useful purpose is that the minimum com- 
pensated signal must  be t en  times as l a rge  as that caused by gamma- 
r a y  ionization of the gas  at its maximum density. The worst  condition 
fo r  gamma compensation is during a restart because the gamma radiation 
-;.,.I?? decay at 2 much s?ower r a t e  than the n e u t r m  rzdiat im.  The rat io  
of res idual  gamma flux to neutron flux can  therefore  vary widely de- . 
pending on the rat io  of reac tor  operating t ime to shutdown time. This 
analysis a s sumes  a maximum of 20  minutes operating t ime and mini- 
mum shutdown of 30 minutes. The estimated residual gamma flux is 
s e c  . Since the opposing pumps provide acceptable compensation of 
a t  least a factor of ten, the minimum compensated signal is that r e -  
The gamma flux reduction required of the shield is therefore  a factor 
of 67. 
for  the d i rec t  flux. Side shielding is not required s ince the sca t te red  
gamma component will be significantly reduced in energy and hence 
w i l l  not contribute greatly to the total  ionization. 0.42 in. of lead o r  
0.9 in. of s tee l  is a half layer  for 1 Mev gamma rays.  
shield in  the form of a truncated cone is shown in the drawing of 
F igure  6-4. 
excessive tempera tures  due to  the gamma heating. 
5 x 10 7 e rgs  gm -' h r - '  which w i l l  generate 4 x  10l1 ion pa i rs  c m m 3  
-1 
quired to produce psia, namely, a charge density of 6 x l o 9  cm-  3 . 
This is accomplished by six half thicknesses of shadow shielding 
A lead shadow 
Coolant passages within the shield a r e  provided to  prevent 
The auxiliary pneumatic components may  also be used for 
shielding as long as they a r e  unaffected by gamma heating. 
6.2.2 Gamma Heating 
The interaction of radiation with matter resu l t s  in the t ransfer  
of the radiation energy to heat energy within the exposed mater ia l .  Of 
the various nuclear radiations from the reactor ,  only the neutrons and 
gamma photons need to  be  considered as sources  for  generating heat. 
It is during the process  of slowing down that these radiations lose  energy 
and thus generate heat in the surrounding mater ia l .  
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The ra te  of gamma 
no self-shielding is given by: 
q Y  
energy deposition in a mater ia l  assuming 
where 
= gamma heating ra te ,B/ lb-hr  
qY 
-10 B-gm-sec 
MeV-lb- h r  K = conversion factor = 2.48 x 10 
p, / p  = gamma energy absorption coefficient, c m 2 / g m  
a 
2 = gamma energy flux a t  su r f ace  of mater ia l ,  Mev/cm - sec  
The expected gamma flux is 5 x l o 9  e r g s / g m  hr,which is 
9, 
equivalent to 3.1 x 1013 Mev/cm2-sec .  Substituting this value in 
equation (6-  1) with the appropriate gamma energy absorption coefficients 
gives the following values for q . 
Y 
B e r y l l  ium 166 B/ lb-hr  
Aluminum 189 B/ lb-hr  
Dividing q by the specific heat of the mater ia l s  yields the ma te r i a l s '  
adiabatic temperature  increases ,  which a r e  390"F/hr for beryllium, 
820"F/hr f o r  aluminum, and 1200"F/hr for  a lead  shield which absorbs 
all the y-flux i n  a 130 cm2 cross-sectional a r ea .  
Y 
Neutron heating in metals  is usually insignificant, com- 
pared to the gamma heating, but depends of course  on the neutron-to- 
gamma ratio of the incident environment. F o r  the neutron-to-gamma 
rat io  specified, the contribution of neutrons to the total  heating r a t e  is 
expected to be l e s s  than 1.0 percent. 
The neutron sensor  sys tem weight es t imates  a r e  given in 
If it i s  assumed that the sys tem will consist  of 8.5 lbs of Section 6.6. 
aluminum, 5.5 lbs of lead and 15.2 lbs of beryll ium, the total heat genera- 
tion within the neutron sensor  w i l l  be 4300 B / h r .  
6.6, the estirrated hydrogen flow through the neutron sensor  will be 
0.0082 lb /sec  = 29  l b s / h r  at  800"R. 
800"R is 3.5 B/lb"R. The flow through the neutron sensor  will thus be 
capable of absorbing the internal heat load with a tempera ture  r i s e  of 
Also f rom Section 
The specific heat of hydrogen at  
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~ 
only 42°F. 
is represented by the shield and moderator  wi l l  be absorbed by the gases  
a f t e r  they have passed through the ion pump and vortex amplifiers.  
Since the moderator and shield w i l l  be the components having the grea tes t  
gamma heating and may  therefore reach  temperatures  higher than the 
r e s t  of the system, measu res  to contain them and to  isolate them 
thermally f rom the ion pump and vortex amplifier should be taken. 
This will be acceptable, since t h e  major  heating load that 
In the event that the hydrogen flow required to  supply the 
i i e i u r G A  aeiiscjr is i i ~ t  as h igh  as the estimate E a d e  in S e c t i ~ n  5.6; 2 s  
would happen if a l e s s e r  number of vortex amplifiers was  used, some 
additional hydrogen for moderator and shield cooling might be required. 
However, the total hydrogen flow required will not be in excess of that 
a l ready estimated in Section 6.6. 
Scattering Absorption 
Den s i  ty 
g / c m  
C r o s s  Section Down C r o s s  Section Moderating 
3 - 1  Length - 1  Ratio 
Mode rator 
c m  cm c m  
Beryllium I . 8 4  0 . 5 5  9 .9  0.0011 150 
Carbon 1.62 0.30  18.7 0 .OOO 3 7  170 
0.168 15 0.014 12 Hydrogen 
liquid 
12 
0.07 
Polystyrene  0 . 9  0 . 3 1  8 .1  0 .025  . 
6.2.3 Moderator 
m m 
2 
A moderator is required to thermalize the fast  neutron flux 
f o r  maximum conversion of neutron flux to  ionization. 
the moderator  a r e  minimum size and weight, compatibility with the en- 
vironment and other mater ia l s  used with the sensor ,  and minimum 
attenuation of the neutron flux. Candidate mater ia ls  that show promise 
of meeting these c r i t e r i a  a r e  beryllium, carbon, hydrogen and poly- 
styrene.  A list of the pertinent properties of these mater ia l s  is given 
in Table 6-2. 
Cr i te r ia  f o r  
The best  measu re  of the moderating capability is the slowing 
down length and the moderating ratio. 
average distance traveled by a fission neutron in slowing down to thermal 
The slowing down length is the 
Table 6-2 - Moderating Character is t ics  of Various Materials 
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energy. This distance roughly represents  the length of moderating 
ma te r i a l  the fast  neutrons should pass  through before reaching the 
neutron sensitive coating, 
pos s ible. 
This value should, of course,  be as low as 
The moderating ra t io  is the rat io  of the slowing down cap- 
ability to  the the rma l  neutron absorption cross-section. Since it is de- 
s i rab le  f o r  the the rma l  neutron absorption to  be as low as possible the 
l a r g e r  the moderating ra t io  the better.  
Beryllium has the best  combination of slowing down length 
and moderating ratio,  as shown in Table 6-2,  and is therfore  recom-  
mended as the moderator .  
length and with its lower density would weigh only half as much as the 
beryll ium moderator.  However, polystyrene has a g rea t e r  t he rma l  
neutron absorption cross-sect ion;so the the rma l  flux at the detector 
would be lower. It a l so  has  the disadvantage of being radiation and 
tempera ture  sensit ive.  The mater ia l  could be canned with a relief 
valve to relieve the off-gassing and cooled to prevent excessive tempera-  
tu res  # 
Polystyrene has  a comparable  slowing down 
Two other  mater ia l s  that have comparable  slowing down 
propert ies  to the beryll ium but which a l so  have g rea t e r  t he rma l  neutron 
attenuation a r e  polyethelyne and lithium hydride. These mater ia l s  would 
offer some  reduction in weight at the expense of neutron flux attentuation. 
However, polyethylene does not have the tempera ture  and radiation 
r e s  is tanc e of polystyrene. 
The est imated neutron flux attenuation by beryllium is l e s s  
than 2 percent while the polystyrene reduces the flux by approximately 
30  percent assuming s imple  exponential attenuation of a monoenergetic 
beam through a thin slab.  Since the weight penalty for  beryll ium was 
p re fe r r ed  over the attenuation of neutron flux, beryll ium was selected.  
The configuration shown in F igure  6 - 4  is based on inserting between 
the pump and the reac tor  in  a11 directions a minimum moderator  length 
equal to the slowing down length. This has been accomplished except for  
the front face where the shield is  located, the back face where the vortex 
amplif iers  and manifold a r e  located and for  a small segment  a t  right 
angles to  the pump. It was decided that the weight savings obtained by 
minimizing moderator  in these a r e a s  was worth the small loss  in 
the rma l  flux. It is estimated that the total  reduction in the rma l  neutron 
flux by the shield and lack  of complete thermalization in all directions 
is slightly over 10 percent. This is  because both the shield and vortex 
ampl i f ie rs  provide some  moderation and the sca t te red  flux impinging 
on the r e a r  face i s  a l ready degraded significantly in energy. 
10 
1. -. 
The moderator  design is not a cr i t ical  one s ince any type 
of neutron sensor  will require  a s imi l a r  moderator - -  only the shape 
may  differ. Also, the location of the sensor ,  the surrounding mater ia l s  
and detailed flux spec t rum can al ter  the moderator  design significantly. 
Hence, the moderator  configuration shown in Figure 6-4 should be r e -  
garded as a representat ive design ra ther  than a final one. 
6.2.4 Neutron Conversion Coating 
The ana?ysia per forme6 on  the  EFD p . ~ ~ , p  was made 0x1 the 
basis  of a Boron-10 coating for converting the thermal  neutron flux to  
a charged particle flux which has much grea te r  ionizing capability. An 
al ternate  conversion coating which can  be considered for  use with the 
pump is a fissionable mater ia l  such as Uranium-235. When a thermal  
neutron produces a fission in U235,nearly 200 Mev of energy f rom 
f iss ion fragments is re leased  t o  the 
re leased  from the n-a react ion in B”. However, the total  amount of 
ionization produced in the gas is a l so  a function of the number of 
ionizing particles produced pe r  unit neutron flux. 
as in comparison to  the 2 Mev 
A comparison of the ionizing capability of each type of 
conversion coating can  be  made by ratioing the amount of ionization 
produced per unit neutron flux in a given volume of gas by each type of 
coating. The ionization produced in  the gas f rom the rma l  neutron flux 
interactions in the conversion coating is given by: 
n. = 
1 M v  
g 
where 
X = length of pump 
5 = f ract ion of total  possible ionization produced by the 
re leased  par t ic les  in  the gas 
r = total ionization per  particle per range 
The rat io  of BIO to  U 235 ionization is therefore  
( 6 -  3) n .  ~ R Q ~ M ~  
1u u u u u  
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where subscript  B r e fe r s  to BIO and U to U235.  
with the quantities: 
Evaluating the rat io  
<, = r; 
B U 
R = R - optimum m a s s  thickness is nearly identical 
B U 
3 
= 4 x 10 barns  
QB 
2 
Q = 5 . 5 ~  10 barns  
r = 5 x 10 ions per a particle 
r = 8 x 10 ions per fission fragment 
U 
4 
5 
B 
10 
U 
= 10M assuming fully enriched B 
MB H 
235 
M = 235M assuming fully enriched U 
U H 
gives 
n 
- = 10 iB ~ 
n 
iu 
F o r  U308, the compound usually employed in f iss ion chambers ,  
In either c a s e  the BIO coating produces the g rea t e r  amount 
10 the ra t io  is even grea te r  in favor of B . 
of ionization per unit flux and it has the fur ther  advantage of avoiding 
the handling and  use  of radioactive mater ia ls . ;  S O  BIO is the recommended 
neutron sensitive coating for the EFD sensor .  
Engineers f rom Westinghouse, Electronic Tube Division, 
Elmira ,  New York, confirmed in various telephone conversations that 
BIO coating could be deposited on very  sma l l  surfaces  of odd-shaped 
objects and on various mater ia l s ,  including beryll ium, titanium, aluminum, 
etc. The process is a well-established one and is used exclusively on 
the Westinghouse tiny 1/4" flux mappers .  The process  is essentially 
one of painting on the coating with a binder and subsequently baking 
off the binder. 
sensit ive coating even over the full operating tempera ture  range since 
Westinghouse has tested the coatings over g rea t e r  ranges.  
No particular problems a r e  contemplated for  the neutron 
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6 . 3  SYSTEM DYNAMIC RESPONSE 
The des i red  neutron sensor t ime constant is 0.02 sec  for neutron 
This  is equivalent to  a flux values g rea t e r  than lo7 neutrons/cm2 sec.  
95  percent response t ime of 0.06 sec .  
Est imates  made in Section 5 show that a high gain vortex ampli-  
f i e r  whose design is equivalent to  an existing 3-in. diameter  device 
will have a response t ime of less  than 0.07 sec when operating on 200"R 
hydrogen. 
through the vortex chamber,  which for  a given supply p re s su re ,  can be 
accomplished by increasing the a r e a  of the outlet orifice. This change, 
i f  not offset by other modifications, will resul t  in a lo s s  in gain. 
such change would be to  operate the vortex amplifier with a high rat io  
of control flow to outlet orifice flow which ac ts  t o  increase  p re s su re  
gain. 
response t imes  less than 0.06 sec while maintaining gains high enough 
to  obtain a useful range. 
The response can be improved by increasing the  flow ra t e  
One 
By properly balancing the two effects, it will be possible to  achieve 
If, as is likely, the high gain amplifier is used to dr ive  another 
vortex amplifier used f o r  signal summing o r  impedance matching, signifi- 
cant dynamic lags  will be introduced. As indicated in Section 5, these 
should be no grea te r  than that represented by a 0.01 s e c  t ime constant 
and may be considerably l e s s ,  depending upon the flow demand of com- 
ponents downstream f rom the neutron sensor .  There  should be an adequate 
margin  of gain in the l a rge r  vortex amplifier to permi t  the achievement 
of the desired response in the overall system. As gas  temperature  
inc reases  above 200"R, dynamic response requirements can more  easily 
be met .  
Dynamic response in  the ion pump section will depend upon two 
physical effects: the stay t ime in the ion pump and the compressibil i ty 
of the gas  volume between the ion pump and the vortex amplifier control 
por t s .  In view of the relatively l a rge  gas  flow through the ion pump, the 
gas  volume compressibil i ty will not be significant. The s tay time in 
the ion pump will be determined by the effective length for ionization 
divided by the gas  velocity. Assuming a neutron conversion chamber 
length of 1 c m  and a gas  velocity of 4 m e t e r s / s e c  gives a s tay t ime of 
0.0025 sec.  
6.4 SYSTEM RANGE 
In Section 5 it was shown that a high gain vortex amplifier used- 
in the neutron sensor  application would have a maximum p r e s s u r e  gain 
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in  the range of 3000 to 6200. 
as one inch of water measu red  a t  the output had been achieved with a 
three- inch vortex amplifier used in  another high gain sensor  application. 
The exact configuration of the amplif ier  i n  which this low noise level 
was achieved is somewhat different  f r o m  the amplif iers  which would be 
used in  the neutron senso r .  However, it has been assumed that this 
noise leve l  can  be achieved in  this application by means  of carefu l  de- 
s ign  and precise construction techniques. 
It was a l s o  noted that noise levels  as low 
Dividing the minimum expected noise leve l  by the maximum gain 
gives the minimum signal  input which c a n  be detected over  the noise 
level.  Dividing 0 .036  psi, which is the equivalent of one inch of water ,  
by 3000, gives a minimum detectable input p r e s s u r e  change of approximately 
psi. 
F r o m  the resu l t s  given in Section 4, it can  be shown that a n  ion 
pump output p re s su re  r i s e  of 10-5 ps i  is equivalent to a the rma l  neutron 
input of approximately 1.7 x l o 6  neut rons /cm2 sec .  T h e r e  will be s o m e  
loss  in the conversion of fas t  neutrons to the rma l  neutrons. However, 
we can conclude that a t  l ea s t  five complete decades of fas t  neutron flux 
f r o m  l o 7  to 1OI2 neutrons/cm2 s e c  c a n  b e  measured .  
Any investigation of methods of achieving g rea t e r  ranges with 
However, it can  be concluded that achieving the des i red  goal 
the electrofluidynamic neutron sensor  would requi re  a n  experimental  
effort, 
t o  t en  decades with a device of this type will be difficult. 
6..5 SYSTEM ACCURACY 
There  a r e  a number of aspects  to es t imat ion of the accuracy of 
the neutron sensor .  Some of these a r e  as follows: 
(1)  The  ability of the neutron sensor  to produce the des i red  
logarithmic relationship between the neutron flux and the 
out put p r e s  s u r  e o  
The sensit ivity of the neutron sensor  to  environmental and 
supply conditions. 
The ability of the device t o  discr iminate  between neutron 
and gamma flux as discussed in Section 6.1.1 
( 2 )  
( 3 )  
The accuracy with which the device meets  the des i red  logarithmic 
However, s ince the output of the device 
curve describing the output p re s su re  in  terms of the neutron flux is 
largely a problem of calibration. 
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is not a mathematically generated function of log neutron flux but is in- 
s tead  a matching of the natural  nonlinear character is t ics  of the overall  
sys t em with the des i red  logarithmic curve,  the actual output will always 
deviate f rom the ideal. The point of grea tes t  deviation will occur  at the 
lowest input signal l e v e l  and will  be a consequence of the device being 
essent ia l ly  l inear  r a the r  than logarithmic at the lower ranges.  If the 
overa l l  sys tem is l inear  over  the lowest decade, the greatest  e r r o r v e x -  
p re s sed  as a percent of the total output p re s su re  range, will be 6 1 / N  
where N is the number of decades of input. 
then, the percent error a t  the Iswest input signal wi i i  be approximately 
12 percent. 
ation f rom the ideal logarithmic curve  should be no g rea t e r  than 5 per-  
cent of the output p re s su re  range. 
For five decades of input, 
Over the res t  of the operating range, the estimated devi- 
The inaccuracies  resulting f rom the deviation of the actual output 
cu rve  f rom the ideal logarithmic curve  will be consistent. As a resul t ,  
the  deviations can. to  an extent, be compensated in downstream components. 
The inaccuracies  resulting f rom sensitivity to  changes in supply 
Changes in ambient p re s su re  can  be ignored 
and environmental conditions relate a lmost  solely to  changes in pressure ,  
t empera ture ,  o r  voltage. 
s ince  the p r e s s u r e  level in  the  neutron sensor  will be high enough to  
a s s u r e  that the p re s su re  rat io  across  all vents will be less than the 
c r i t i ca l  value even at  one atmosphere back pressure .  
The consequences of a change in supply p re s su re  a r e  potentially 
m o r e  ser ious,  s ince a change in supply p re s su re  will change p res su res  
proportionately throughout the sys tem. Thus,  a given percentage shift 
in supply p re s su re  will cause the s a m e  percentage shift in output pres-  
s u r e .  The neutron sensor  system can  be no m o r e  accura te  than the 
accuracy  of i ts  supply p re s su re  regulation. The neutron sensor  sys tem 
will represent  a fair ly  constant flow demand so that the effect of the 
sensit ivity of the p re s su re  regulator to  flow will be minimized. The 
effect of variations in the hydrogen s torage  p res su re  can, if necessary,  
be minimized through the use  of a two-stage p res su re  regulator.  
sensit ivity and random variations in  regulated p res su re  will be much 
m o r e  significant. A11 possible precautions in the design and placement 
of the p re s su re  regulator should be taken to  minimize these effects. In 
addition, any other fluid-state circuits operating in conjunction with the 
neutron sensor  in the overall  reactor  control loop should be supplied f rom 
the s a m e  regulator 'in o r d e r  that shifts  i n  the regulated p r e s s u r e  affect 
all subsys tems equally. This will el iminate the possibility of two different 
regula tedpressures  shifting in opposite directions.  However, the output 
Tempera ture  
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p r e s s u r e  of the overa l l  fluid s ta te  sys t em will shift  in proportion to  any 
shift in regulated pressure .  
The  voltage sensit ivity of the pump i s  such  that one half of any 
The power supply should have a stabil i ty 
re la t ive change in voltage will appear  in the opposite direct ion as a r e -  
lative change in pressure .  
of the o rde r  of 1 percent,  a requirement  that is easi ly  met .  
The  most  se r ious  potential sou rce  of e r r o r  is that which resu l t s  
f rom shifts in  supply gas temperature  and ambient tempera ture .  Changes 
i n  temperature  not only affect  the s ta t ic  performance of vortex ampl i f ie rs  
but m a y  also cause  changes in the regulated supply. 
sitivity of vortex p r e s s u r e  amplif iers  i s  a n  a r e a  requir ing fur ther  in- 
vestigation. 
is sensit ive enough to temperature  that s o m e  fo rm of tempera ture  com- 
pensation will be required i f  the hydrogen supplied to  the senso r  var ies  
over  the f u l l  200 to  800"R temperature  range. 
be provided in  the individual ampl i f ie rs  o r  by some  additional f luid-state 
c i rcu i t ry .  depending on the sever i ty  of the shift.  
the neutron senso r  can  be  maintained a t  a constant or  near-constant 
tempera ture ,  the need fo r  compensation c a n  be minimized. 
The tempera ture  sen-  
In Section 5 it was shown that the s imple  vortex amplif ier  
This  compensation may  
If the hydrogen flow to 
6.6 SYSTEM WEIGHT AND GAS CONSUMPTION ESTIMATES 
The  high gain vortex amplif ier  may  be assumed to  be a cylinder 
3 
4.0 in. in  diameter by 2.0 in. long. 
2 5  in. . 
void. 
The volume of such  a cylinder is 
It c a n  be a s sumed  that a vor tex  ampl i f ie r  i s  a t  l eas t  20 percent 
Then a n  aluminum (density 0.1 Ib/in.3) three- inch diameter  vortex 
ampl i f ie r  will weight approximately two pounds. 
vortex amplif ier  may be assumed to be  a three- inch diameter  cylinder 2.0 
A two- inch d i ame te r  
inches long. 
may be assumed to  be 2.0 in. diameter  by 1.5 long and thus will weigh 
approximately 0.5 lb. 
including provision fo r  fastening and plumbing,should weigh no m o r e  than 
the la rges t  amplifier.  
d iameter  amplifier,  one two-inch amplif ier ,  t h ree  one-inch ampl i f ie rs ,  
and a manifold gives a n  est imated weight of 6.5 lbs  for the vortex amplif ier  
sys tem.  
It may  thus be es t imated  a t  1 lb. A one-inch vor tex  amplif ier  
The  manifold connecting the ampl i f ie rs  together,  
Then, adding the weights on one three- inch 
The  ion pump is basically a hollow tube 1 / 2  in.in diameter  by 
2-  1 / 4  in. long. Allowing a weight of 0.2 l b  f o r  this component s eems  
adequate. The  shield is the f rus tum of a cone which is 2 .5  i n h i g h  having 
base  d iameters  of approximately 3.2 and 2 in. This  gives a weight of 
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approximately 5.5 lbs .  
on the bas i s  of a beryll ium tube 3 .5  in. I.D. x 6.0 in. O.D. x 12 in. long. 
The total  es t imated weight of the neutron sys t em including an al- 
The moderator  weight is estimated as 15 lbs  
lowance f o r  connection and mounting is 
Vortex amplif ier  module 
Ion pump 
Shield 
Mode r a t o r  
Allowance for  connections and 
mounting 
Total  es t imated dry weight 
6.5 l b  
0.2 
5.5 
15.0 
2 .0  
29.2 
The gas  consumption m a y  be est imated by summing the flows of 
all the vortex amplif ier  outlets fo r  the maximum output p r e s s u r e  of 
150 psia .  
outlet or i f ice ,  the outlet flow will be 0.006 l b / s e c  of hydrogen a t  200"R. 
The 2-in. p r e s s u r e  regulating amplif ier  may have an outlet or i f ice  of 
the s a m e  s i ze  and hence will have a s imi l a r  flow demand. The 1-in. 
ampl i f ie rs  may have outlet  or i f ices  with areas one qua r t e r  that  of the 
l a r g e r  ampl i f ie rs  and may be rated at a flow of 0.0015 lb / sec .  (This  
is conservat ive since the summing amplif ier  will actually operate  a t  
reduced supply p r e s s u r e . )  Adding the est imated hydrogen flow of 0.006 
l b / s e c  for  each of the two l a rge r  ampl i f ie rs  t o  the 0.0015 l b / s e c  for  each 
of the smaller ampl i f ie rs  gives a total  es t imated flow of 0.0165 Ib / sec  
of hydrogen a t  2OO"R. 
l b / s e c .  
F o r  a 3-in.  diameter  vortex amplif ier  with a 0.090-in. d iameter  
At 800"R, the total  hydrogen flow will be 0.00825 
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APPENDIX A 
NOTATIONS 
A - l  NOTATION FOR E F D  P U M P  ANALYSIS 
a 
a 
P 
b 
B 
6 
e 
E 
E 
f 
s 
F 
i 
j 
r 
m 
M 
n 
On 
0 
IT 
P 
Recombination r a t e  - cm3 sec  -1 
Subscript  denoting "a-particle ' '  
Coefficient in  definition of field dependent 
mobility (M3 A t m 2  volt" s e c - l )  
Charge c a r r i e r  mobility (M2 volt-l  sec-1)  
Magnetic induction (Webers M-2) 
M a s s  density (Kg M-3)  
Subscript  denoting "electron" 
E lec t r i c  field (Volts M-2)  
Permit ivi ty  Q F M - ~  
Subscript  denoting "fluid" 
Fract ion of total possible ionization 
F o r c e  per unit volume (Newtons M-3)  
Subscript  denoting "ionr' 
Current  density (Amp M' l )  
Total  ionization pe r  par t ic le  per  range 
Subscript  denoting "molecule I '  
Mass  (Kgm M - 3 )  
Charge c a r r i e r  density ( M m 3 )  
Symbol for  neutron 
Subscript  denoting "boundary value" o r  
"measurement condition" 
3.1416 
P r e s s u r e  (Newton M-2) 
A- 1 
A- 
q = Elec t r ic  charge (coulombs) 
Q = Microscopic cross-section (M2)  
P = Charge density (Coulomb M-3)  
-1 r 
R = Range ( m e t e r s )  
0- = Elec t r ica l  conductivity (ohm-1 M - 2 )  
t = Time ( s e c )  
= Ion pair  production cm-3  sec  
(P = F I ~  ( M - ~  s e c - l )  
V = Velocity (M/sec - ’ )  
V = Potential (volts)  
X = Coordinate dimension 
Y = Coordinate dimension 
Z = Coordinate dimension 
NOTATION FOR VORTEX AMPLIFIER ANALYSIS 2 
Control port a r e a  = ‘IT Dc2/4  - in 2 
Internal pickoff t ap  a r e a  = ‘IT DOi2/4 - in 2 
2 2 Outlet orifice a r e a  = IT D2 / 4  - in 
Control port flow coefficient - dimensionless 
Internal pickoff tap  diameter  flow coefficient - 
dimensionless 
Outlet orifice flow coefficient - dimensionless 
Control port diameter  ( s e e  Figure 4-1)  - in 
Pickoff diameter  - in 
Internal pickoff diameter  ( s e e  Figure 4-1) - in 
External  pickoff diameter  ( see  Figure 4-1) - in 
Vortex diameter  ( see  Figure 4-1) - in 
Outlet orifice diameter  ( see  F igure  4-1) - in 
g 
h 
h 
k 
K 
K 
K. 
k 
K 
K 
max 
C 
1 
0 
P 
pmax 
K v  
KW 
k? 
m 
M 
n 
N 
R 
N 
pL 
pB 
pC 
pco 
'e 
P 
I 
PB' 
'oi 
2 Standard gravitational acceleration = 386 i n /  sec  
Transpor t  delay - second 
Maximum value of h - second 
Ratio of specific heats - dimensionless 
Gain in equation (4-50) - ps i -sec / lb  
Constant defined by equation (4- 1 ) 
Ion pump gain - psi-cm--sec/neutron 
Outlet flow slope - in2 /sec  
P r e s s u r e  gain = A P ~ ~ / A ( P ~  - ps)  - dimensionless 
Maximum value of K - dimensionless 
Gain defined by equation (4-20) - dimensionless 
Ratio of control flow to outlet flow - dimensionless 
Vortex chamber length - in 
M ol e c ula r weight - l b  / l b  - mole 
Mach number - dimensionless 
P a r a m e t e r  in  equation ( 4 - 3 )  - dimensionless 
Number of decades of neutron flux to  be 
detected = log (+max/+min ) - dimensionless  
Reynolds number - dimensionless  
Linear  p re s su re  change - psid 
P r e s s u r e  - psia 
Bias p re s su re  - psia  
P r e s s u r e  regulator bias p r e s s u r e  - psia  
Control pressure  - psia 
Steady-state value of p -psia  
Vortex amplifier exhaust p re s su re  - psia 
Output p re s su re  - psia 
Output pressure  of internal pickoff - psia 
7 
P 
C 
R 
I A-3 
poi = Maximum value of poi - psis 
max 
poi = Minimum value of poi - psia 
min 
= Ion pump output p r e s s u r e  - psid 
= Minimum value of p - psid 
= 
= 
pP 
Ppmin P 
PS 
pU 
pV 
pvo 
Vortex amplifier supply p re s su re  - psia  
Upstream p r e s s u r e  defining flow through outlet 
orifice - psia 
= Average p r e s s u r e  in vortex chamber  - psia 
= Quiescent value of pv- psia  
r = Radius - in 
r = Inner radius of vortex - in 
r = Outer radius of vortex - in 
R = Ideal gas  constant = 18500/m - 1bmin/"Rlbf . 
t = Time - seconds 
i 
W 
= Response t ime - seconds 
R 
t 
T = Absolute tempera ture  - "R 
v = Vortex amplifier control velocity - fps 
C 
= Tangential velocity - fps 
T 
= Tangential velocity at  radius r - fps  T1 1 
= Tangential velocity a t  radius r2  - fps 
T2 
V 
V 
V 
V = Tangential velocity at chamber  wall - fps 
V = Volume of vortex chamber  - in 
V 
w 
W = Vortex amplifier control flow - l b / s e c  
W '  = P r e s s u r e  regulator control flow - l b / sec  
W = Vortex amplifier outlet flow - lb / sec  
W 
3 
= Volume of connecting channel - in3 
= Outlet flow intercept - l b / s e c  
C 
0 
C 
C 
0 
‘1. * I  
1 
18 W ’  0 
w 
00 
W 
oi 
W 
S 
W ’  
S 
W 
W 
c1 
P 
T 
9 
4 min 
+ max 
= P r e s s u r e  regulator outlet flow - l b / s e c  
= Quiescent flow f r o m  outlet - l b / s e c  
= Flow through output p r e s s u r e  tap  - l b / s e c  
= Vortex amplifier supply flow - l b / s e c  
= P r e s s u r e  regulator supply flow - l b / s e c  
= Flow entering vortex chamber at outer radius  - 
i b i s e c  
= Dynamic viscosity - lbm/sec- in  
= Mass  density - lb -sec  2 4  / i n  
= Time constant - s e c  
= Neutron flux - neut rons /cm2 s e c  
= Minimum value of + - neutrons / cm2 sec 
= Maximum value of 9 - neutrons/cm2 sec  
= Angular velocity - r ad ians / sec  
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